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SUMMARY
New Zealand White California cross ' rabbits were used 
to investigate the toxic effect of 200 p.p.m. CO in air on 
the intimal/subintimai morphology of the aorta and of the 
coronary, renal and common iliac arteries of normally-fed 
rabbits. The effects of CO on the removal of serum choles­
terol, HDL-cholesterol and LDL + VLDL-cholesterol was also 
studied in rabbits fed on a diet containing 2% 
cholesterol.
For morphological studies, groups of rabbits were ex­
posed for periods of 4 and 24 hours, and 3, 7 and 14 days. 
Light and transmission electron microscopy was used to study 
the intimal/subintimal morphology of the arterial wall. 
Exposures of 2, 4, 6, 8 and 11 days were used to study the 
removal of serum cholesterol and the relationship between 
CO and aortic wall cholesterol level in 2% cholesterol-fed 
rabbits. Also, exposure of 8 days was used to study the 
removal of HDL-cholesterol and LDL + VLDL-cholesterol in 
2% cholesterol-fed rabbits. In addition, normally—fed rabbits 
exposed for 3 or 14 days were used to study the effect of 
CO on serum cholesterol level. Blood CO concentration was 
measured as COHb%. Light and transmission electron micros­
copy was used in blind trials to evaluate the morphological 
effects.
No change was found in the intimai or subintimal mor­
phology of coronary arteries, aorta, renal arteries, or common 
iliac arteries. However, CO raised serum cholesterol in
normally-fed rabbits and inhibited serum cholesterol removal 
in cholesterol-fed rabbits. Increased amount of aortic wall 
cholesterol was also observed.
CO had a slight effect on HDL-cholesterol removal in 
this study, when compared with the control rabbits, and 
inhibited the removal of LDL + VLDL-cholesterol. Also, CO 
significantly increased the ratio of LDL + VLDL-cholesterol 
to HDL-cholesterol. These findings are discussed with 
particular reference to the claim that CO is an agent in 
tobacco smoke, causal to the association of smoking with 
atherosclerosis.
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INTRODUCTION 
Carbon Monoxide (CO) .
Man has been exposed to exogenous CO since he discovered 
fire during prehistoric time and brought it into his cave, 
(U.S. Department of Health, Education and Welfare 1970).
Since then man has been exposed to a considerable quantity 
of fire fumes including CO. He has also always been 
exposed to endogenous CO production, mainly from the cata­
bolism of haemoglobin (Hb) with a minor fraction contributed 
by the breakdown of non-haemoglobin haem (Sjostrand 1949, 
Coburn, Blakemore and Forester 1963).
The properties of CO
CO is a colourless, odourless, tasteless gas, slightly 
lighter than air. Quite flammable, it burns with a bright 
blue flame, but does not support combustion: for further 
physical properties see Table 1. (U.S. Department of
Health, Education and Welfare 1970). CO is the most abundant 
and widely distributed air pollutant found in the lower 
atmosphere, and its emission generally exceeds that of all 
other pollutants combined, particularly in urban atmospheres.
Atmospheric CO
CO is relatively chemically inert and is oxidised very
TABLE 1
PHYSICAL PROPERTIES OF CO
Molecular weight 
Melting point 
Boiling point
Specific gravity relative to air
Density
at 0 C, 760 mmHg 
at 25 C, 760 mmHg
Explosive limits in air
Solubility  ^^ ^ 
at 0°C 
at 25°C
Conversion factors
at 0 C, 760 mmHg
at 25 C, 760 mmHg
28.01 
-207 °C 
492^
0 . 9 6 8
1.25g/Iitre 
1.15g/Iitre
12.5 to 74.2% (volume)
3.54 mI/100 ml water 
2.14 mI/100 ml water
Img/m = 0.800 ppm 
Ippm . = 1.250 mg/m'
Img/m = 0.874 ppm 
Ippm = 1.145 mg/m'
(1) Volume of CO indicated is at 0 C, 760 mmHg (Reproduced from 
U.S. Department of Health, Education and Welfare 1970).
slowly by molecular oxygen in the lower atmosphere (Jaffe 1970). 
Two main reactions occur:
CO + 0_  > CO2 + 0
and in the presence of moisture
CO + ^ 2 ^ -----  ^ CO2 + K 2
Oxidation of CO by ozone to COg also occurs at a slow rate at 
atmospheric temperature and concentrations, and the activation 
energy is about 20 Kcal (Jaffe 1970, U.S. Dept, of Health, 
Education and Welfare 1970). CO might be oxidised by nitrogen 
dioxide (NO^), but as this process requires a high activation 
energy, 28 Kcal, its occurrence in the atmosphere is precluded, 
(U.S. Dept, of Health, Education and Welfare 1970). In the 
upper atmosphere CO2 dissociates to CO and atomic oxygen (0.) 
due to the effect of short wavelength ultra-violet radiation 
(about 1700 A°).
CO, + h-V ----> CO + 0.
This CO production becomes relatively less below 100 kilometres 
because the ultra-violet radiation intensity, at this level, 
falls rapidly. CO 2 may be reformed in the high atmosphere by 
a three body collision
CO + 0 + M  -- > CO2 + M
where M represents the third body. The probability of this
collision occurring is small, however, because of the infrequency 
of such third bodies at these altitudes. (Jaffe 1970, U.S.
Dept, of Health, Education and Welfare 1970).
Sources of CO production
As far as man is concerned, CO is produced endogenously 
and exogenously.
A. Endogenous CO: Endogenous CO is produced mainly from
the natural catabolism of Hb with a minor fraction contributed 
by the breakdown of non-haemoglobin haem (Sjostrand 1949). 
Roughton and Root (1945) , demonstrated conclusively that 
there was a small, but measurable amount of CO in normal human 
blood. Later Sjostrand (1949) confirmed these findings and 
showed that, in non-smokers and absence of exposure to that 
gas, the CO concentration was higher in expired air than in 
inspired air and he proved by his experiments that CO is 
constantly being formed in the human body. He estimated CO 
production in the human body to be approximately 0.5 to 1.0 
millilitre per hour in the normal adult female. The average 
rate of endogenous CO production, in healthy male subjects at 
rest is approximately 0.4 ml/hr, and results in a carboxyhaemo­
globin (COHb) concentration of about 0.4-0.7%. This quantity 
of COHb in the blood has been considered neither beneficial 
nor harmful (Stewart 1976).
According to Finck, the breakdown of Hb into bile pigments 
leads to CO production. The blood of cattle, sheep and pigs 
contains up to approximately 3% COHb saturation, while seals 
in the Antarctic contain 5% COHb due to their blood haemolysis 
(Finck 1966).
Sjostrand in 1952, demonstrated that on standing, 
solutions of Hb and myoglobin (Mb) liberate CO and that 
production corresponds to the CO binding capacity of the 
original solution. This suggests that CO production is 
associated with the decomposition of Hb. Thus CO production 
in vivo and in vitro appears to occur when a cyclic tetrapyrrole 
(haem) is decomposed to a linear tetrapyrrole (bilirubin) by 
the loss of a one-carbon fragment at the alpha-methene 
position, (figure 1) (Longo 1977, Coburn 1970, Coburn 
Blakemore and Forster 1963).
While Libowitzky and Fischer (1938) could not recover 
the missing alpha-methene carbon in vitro, Sjostrand (1952) 
suggested that the missing carbon atom was oxidised to CO 
and this was confirmed later by Ludinz and his co-worker 
(1957), using labelled haem (Goldsmith and Landaw 1968). 
Engstedt in 1957, demonstrated a high positive correlation 
between COHb concentration and both reticulocyte count and 
fecal stercobilin production, and a negative correlation 
between COHb concentration and the survival of red cells 
labelled with chromium-51 (Goldsmith and Landaw 1968).
Endogenous CO production rates vary considerably in 
normal individuals. Normal men (as indicated above) produce 
about 0.4 ml of CO per hour (Coburn, Blakemore and Forster 
1963). Coburn in 1968, estimated that of the total endogenous 
CO production of 0.4 ml per hour in males, 0.3 ml per hour
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originates from Hb catabolism, and 0.1 ml per hour derives 
from catabolism of other haem pigments. Coburn also 
reported in 1968 that total body CO stores are approximately 
10 ml, of which 8 ml is combined with Hb, 1.5 ml is combined 
with Mb and about 0.5 ml is combined with other haem pigments, 
and he also established that the conversion rate of CO to 
CO2 is only about 0.2 per cent per hour.
Delivoria-Papadopoulos (1974), reported that normal 
women have a similar rate of production of CO (0.42 ml per 
hour) during the estrogenic phase of the menstrual cycle and 
double that rate during the progestational or secretory 
phase of the cycle, but that during pregnancy endogenous CO 
production increases even further and decreases rapidly during 
the postpartum period (Figure 2,Table 2) (Longo 1977). 
Newborn CO production equals 11 to 14 yl per hour per kilo­
gram, so fetal CO production would be 44 yl per hour in a 
3.5 kilogram foetus (assuming that the foetus has the same 
endogenous CO production as the newborn), which is about 5% 
of the total endogenous CO production in pregnant women. Thus 
the increase of endogenous CO production in pregnant women 
is explained only in part by the production of CO by the 
foetus (Longo 1977).
Endogenous CO production under pathological conditions'
Since endogenous CO is attached to haemoglobin, it is 
not surprising that diseases associated with red cell changes
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Figure 2. Endogenous carbon monoxide' (CO) production in
microlitres per (hour x kilogram of body weight) 
in normal men and non-pregnant women during the 
Oestrogen and progesterone phases of the menstrual 
cycles, during pregnancy, in the postpartum period 
and in newborn infants, (reproduced from Longo 1977)
TABLE 2
Endogenous p ro d u c tio n  ra tes  of CO in  m e n , women and  
in fa n ts  ( r e p r o d u c e d  fro m L o n g o  1977)
COHbl
vco
(ml/hr)
VCO
(y1/hr X Kg)
Normal men 1.22 0.42 6.1
Non-pregnant women, 
Oestrogen phase 1.09 0.32 5.3
Non-pregnant w o m e n , 
progesterone phase 0.98 0.62 10.2
Pregnant women 1.21 0.92 13.7
Pregnant women 0.40 0.59 -
Postpartum, 24 hr. 1.14 1.40 26.8
Postpartum, day 4 1.11 0.39 6.0
Postpartum ,0-2 hr. 0.36 0.58 -
Postpartum ,8-24 hr. 0.38 0.67 -
Normal newborn 
infants:
Fhllstrbm 0.74 - 11.4
Landaw ■ and 
associates\ — - 14.2
Maisels and 
associates 0.56 - 13.7
Ostrander and 
associates - — 15.7
Wranne 0.5 - 12.9 first day 
11.1 first week
Haemolytic disease 
of newborn infants
Fallstrom
s
Maisels and 
, associates
2.13 - 36
2.25 - 76
Oski and Altman 6.6 - -
Wranne 0.9 - 23
exhibit alterations in CO concentrations. Furthermore, CO 
is produced from the breakdown of the haemoglobin molecule.
Sjostrand (1949), found alveolar CO concentrations to 
increase up to seven times the normal value, the corresponding 
COHb concentration being about 3% in the following patho­
logical conditions,polycythaemia, pernicious anaemia, and a - 
plastic anaemia. Striking changes also occur in haemolytic 
states, after blood transfusion, and in spontaneously and 
artificially developed venous thrombosis, (Sjostrand 1949).
In all these conditions COHb was found to be elevated. It 
thus seems likely that measurement of endogenous CO production 
may be of use in the study of erythrocyte change or Hb cata­
bolism.
B. Exogenous CO production
There are 3 main exogenous sources in the world responsible 
for CO production. These sources are: tobacco smoking, 
technological and natural sources (U.S. Dept, of Health, 
Education and Welfare 1970). The most important of these 
three sources is tobacco smoking, and this is the one considered 
here. About 10,000 tons of CO was reported by Jaffe (1970) 
to be produced per year in the United States as a result of 
cigarette consumption. In the United Kingdom consumption of 
tobacco in 1968, as cited by the Royal College of Physicians 
in 1971, was about 238.5 million pounds. Since the density
of CO at 25°C is 1.15 g/litre and the average yield of CO 
for one gram of tobacco is 20 ml, then the weight of CO 
produced annually in this country from tobacco burnt in the 
form of cigarettes can therefore be calculated, which is 
about 2,484 tonnes.
Tobacco smoke constituents
Tobacco smoke is a mixture of gases and minute droplets 
ranging in diameter from 0.3-1.0 microns (Roy. Coll. of 
Phy; 1962), about 50%- of inhaled smoke being retained in 
the lungs. Some droplets are deposited directly on the walls 
of the bronchi, others are taken up by motile cells, chiefly 
in the air sacs. About 300 compounds having been identified 
in tobacco smoke, and this varies from one type of tobacco to 
another, with the way in which it has been treated, and with 
the way it is smoked. It has been found that the smoke of 
cigarettes is faintly acid, that of pipes may be acid or 
alkaline, while cigar smoke is faintly alkaline. Alkaline 
smoke tends to be more irritating and thus less readily in­
haled (Roy. Coll. of Phy. 1962).
Physiologically speaking, there are five main substances 
or groups of substances in tobacco smoke, these being: 
nicotine
carcinogenic substances 
smaller irritant molecules 
cadmium
and carbon monoxide.
a. Nicotine. Cigarette smoking allows the absorption 
of about 50-150 yg nicotine per puff or 1-3 mg per cigarette 
(Roy. Coll. of Phy. 1962, Russell 1974). From the smoke
of one cigarette 90% of the nicotine content may be absorbed 
during inhalation, while smokers who do not inhale may absorb 
as little as 10% of it through the nasal and buccal mucosa. 
The main effects are on the heart and blood vessels. Nico­
tine causes constriction of the superficial vessels in the 
limbs, raises blood pressure and increases the pulse rate
and output of the heart and may reduce blood flow in the coro­
nary arteries inpatients with coronary artery disease (Roy. 
Coll. of Phy. 1962).
b. Carcinogenic substances (tar derivatives). About 
sixteen different substances, which initiate cancer in 
experimental animals, have been identified in tobacco smoke, 
for example, a skin cancer in mice has been produced by 
application of tar condensed from tobacco smoke (Roy. Coll. 
of Phy. 1962).
c. Irritants. These include ammonia, volatile acids, 
aldehydes, phenoles and ketones. Tobacco smoke, acting as 
an irritant to the mucous membranes, stimulates the secretion 
of mucous and slows its removal by inhibiting the action of 
the cilia, and this action has been attributed to these 
components (Roy. Coll. of Phy. 1962). Kens 1er and Battista
(1963) confirmed this and concluded that the bulk of the 
ciliary-depressant activity of cigarette smoke was found to 
reside in the gas phase rather than the particulate phase.
Among the various components of the gas phase which they 
studied, hydrogen cyanide, ammonia, formaldehyde, acrolein and 
nitrogen dioxide,were found to have appreciable ciliary- 
depressant activity (Kensler and Battista 1963).
d. Cadmium. This is a trace metal in human tissues, 
having no known function (Lewis et al. 1972). Tobacco smoke 
is reported to be one of many sources of this metal. Diseases 
associated with smoking (e.g. chronic bronchitis and emphysema, 
cancer of the lung, and arterial hypertension) have been shown 
to be associated with increased hepatic and kidney levels of 
cadmium (Lewis et al. 1972). Lewis and his colleagues 
compared cadmium levels in the kidneys, liver, and lungs of 
smokers and non-smokers, and found significantly high levels 
of cadmium in the smokers. They concluded that cigarettes are 
a major source of cadmium in man and, in addition, can contribute 
more to the total body burden than the amount derived from 
other sources (Lewis et al. 1972). Shuman, Voors and 
Gallagher (1974) confirmed the work of Lewis et al. by finding a 
positive association between cigarette smoking and the 
body burden of cadmium. Smokers show a higher cadmium 
accumulation with an average concentration at age 50 of 22 yg/g 
wet weight, while for non-smokers the average concentration at 
the same age is 11 yg/g wet weight. The biological half 
time of cadmium in kidney cortex of non-smokers was estimated
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at 30 years. The amount of cadmium inhaled from one pack of 
cigarettes has been estimated to be 2 yg to 4 yg, the daily 
absorbed amount to be 1.4 yg, with an absorption rate of 461 
(Blinder et al. 1976).
e . Carbon monoxide (CO). This substance is of central 
importance to this thesis and is contained in the gas phase 
of tobacco smoke. The gas phase of cigarette smoke contains 
approximately 1 to 5% by volume CO, the concentration of CO 
increasing as the cigarette burns down (U.S. Dept, of 
Health, Education and Welfare 1974). Astrup and Kjeldsen 
(1973)noted that cigarette smoke contains from 3 to 6% CO, 
about 20 to 30 ml per cigarette depending on the temperature 
of combustion. Smoke from pipes and cigars, burning at a 
lower temperature than cigarettes, has concentrations of CO 
that are 2 to 3 times higher (Astrup and Kjeldsen 1973).
Bongo (1977) cites that cigarette smoke contains an average 
of 4% (40,000 p.p.m.) CO by volume. During the smoking 
process, this is diluted with air to the extent that alveolar 
CO concentration averages 400 to 500 p.p.m. The uptake of 
CO by smokers takes place in the lungs, and thus depends on 
the degree of inhalation. Heavy smokers show the highest COHb 
levels, and the highest levels of all (15 to 20% COHb) have 
been found in inhaling cigar smokers (Kjeldsen 1969). It 
has been found that heavy cigarette smokers develop 
significantly higher COHb concentration than non-smokers, 
reaching levels of 4 to 15% COHb (U.S. Dept, of Health, 
Education and Welfare 1974, Roy. Coll. of Phy. 1962). In a
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smoke-filled room, aeroplane or other closed space, non-smoking 
individuals (so-called "passive” smokers) may be exposed to 
carbon monoxide concentrations varying from 25 to 100 p.p.m. 
(Lawther and Commins 1970, Longo 1977).
The concentration of COHb in smokers depends on many 
factors (Wald et al. 1977) , namely:
1. Number of cigarettes smoked and pattern of smoking.
2. Concentration of CO in tobacco smoke.
3. Method of smoking (number of puffs, puff volume, 
depth of inhalation).
4. Alveolar ventilation (physical exercise).
5. Pulmonary transfer factor for CO.
6. Total haemoglobin and myoglobin mass and cardiac 
output.
The elimination of CO takes place at a rate of approximately 
15% per hour at rest, which means that a COHb level of 20% 
will decrease to about 17% in one hour. Elimination depends 
on the CO pressure gradient between blood and alveolar air and 
on ventilation rate (Asmussen and Knudsen 1943).
Holt and colleagues, comparing the effects of'Low-Tar'and 
’High-Tar’ cigarettes found that black mice which have been 
exposed for 7 to 8 minutes to'High-Tar' cigarettes have COHb 
levels up to five times the level of black mice which have 
been exposed t o ’Low-Tar'cigarettes (Holt et al. 1976).
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Wald et al„ (1977) found that men who smoked ordinary 
filter cigarettes with unventilated filters had, on average 
30% higher COHb levels than smokers of plain ones, and those 
who smoked ventilated filter cigarettes had 7% higher COHb 
than smokers of plain cigarettes. Although the first result 
was consistent with the CO yields of these cigarettes (i.e. 
on average the unventilated filter cigarettes had yields 25% 
higher than the plain ones), the second result was in the 
opposite direction to the CO yields of those cigarettes (i.e. 
on average the ventilated cigarettes had yields 21% lower 
than the plain cigarettes).
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Smoking, CO and atherosclerotic cardiovascular disease
In the act of smoking, even if one does not inhale, the 
products of combustion, mostly the very fine carbon particles, 
nicotine and gases including CO are absorbed to some extent 
by all the moist surfaces with which they come in contact.
From these surfaces the products are carried into the lymph 
and blood stream and thus distributed through the body (Russ 
1955). A well recognised physiological effect of smoking 
is constriction of the small arteries; this in turn gives a 
cooling sensation which is experienced even after a couple of 
puffs at a cigarette (Russ 1955).
In the case of atherosclerotic cardiovascular disease (CVD) a 
correlation has been found between cigarette smoking, morbidity 
and mortality from this disease in men, although no correlation 
has been found previously for women (U.S. Dept, of Healthy 
Education and Welfare 1974, Roy. Coll. of Phy. 1962). Dawber 
et al.(1959) found that smoking was associated with an increased 
incidence of myocardial infarction and of death from coronary 
heart disease (CHD). Also, Kershbaum (1968) and Jenkins, 
Rosenman and Zyzanki (1968)found a strong correlation between 
CHD and cigarette smoking, but not with cigar or pipe smoking. 
Furthermore, Kannel and his colleagues (1972) in the Framingham 
study, reported an increased risk of atherothrombotic brain 
infarction attributed to smoking in men, with a sixfold excess 
risk in male smokers aged 45 to 54, but no correlation between 
smoking and cerebrovascular events was found in women. Strong
14
et al. (1969) found that atherosclerotic involvement of 
aorta and coronary arteries is greater in heavy smokers than 
in non-smokers. Also Seez and Mori (1976) found a signifi­
cantly higher degree of fibrous intimai thickening of small 
arteries, especially of the lung, in cigarette smokers.
In contrast, Wilens and Plair (1962) , Viel et al. (1968) 
and Fisher et al. (1974) found very weak or no association 
between smoking and atherosclerosis.
However, among the multitude of chemical compounds, CO 
is present in tobacco smoke in concentration of about 4% 
by volume. During inhalation CO readily diffuses through 
the lungs and is avidly taken up by haemoglobin to form COHb. 
Earlier studies in man have shown that patients with oblite­
rating arterial diseases (Buerger’s disease) have COHb 
saturations higher than normal smokers (Astrup 1964) . Further­
more, Wald et al. (1973) reported that COHb levels in tobacco 
smokers, provide a better indication of a person’s risk of 
having developed certain atherosclerotic diseases, including 
ischaemic heart disease than the smoking history. Wald et al. 
found that a smoker with a COHb level of 5% or more has a higher 
chance to be affected with the same diseases than another person 
of the same age and sex with similar smoking history and current 
smoking habit, but with a COHb level of less than 3%. Also,
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Heliovaara et al. ,(1978). found a weak correlation between 
COHb levels in smokers and atherosclerotic diseases.
Therefore, all this evidence might suggest that raised 
COHb levels in smokers may be an important risk factor in 
atherosclerosis. However, this does not mean necessarily 
that CO is atherogenic. COHb^levels in smokers is a useful 
measure of tobacco smoke absorption; this might suggest that an­
other tobacco smoke component (or components) might also be 
responsible for the association between smoking and athero­
sclerotic disease. Aronow (1980) found that tobacco 
components other than nicotine or CO are responsible for a 
small decrease in exercise performance until onset of angina, 
although he does not clarify which components they are.
Furthermore, CO has been shown to aggravate peripheral 
arterial disease as well as CHD. Aronow et al. (1974) found 
that in patients with intermittent claudication, 50 p.p.m. CO 
for 2 hr. (2=8% COHb) decreased the exercise tolerance before 
the onset of leg pain by 17%, whereas there was no corresponding 
change in exercise tolerance after breathing normal air.
Also, some animal studies have shown that
exposure to CO causes arterial damage and deposition of 
cholesterol in the wall of the aorta in rabbits (Astrup et al. 
1967, Hugod et al. 1978) and in the coronary arteries of pri­
mates (Thomsen 1974, Malinow et al. 1976). However, the inter­
polation of results from animal studies with a single smoke 
component should be made with great caution. Turner and Topping
(1975) found that effect of CO per se is different from its 
action in tobacco smoke.
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Other exogenous sources of atmospheric CO
Further atmospheric sources of CO are those found 
naturally and technologically. Several natural sources of 
CO have been identified (e.g. volcanoes, Hb containing species, 
higher marine plants, marine algae, etc.), but their 
contributions to.urban atmospheric concentrations are thought 
to be small (U.S. Dept, of Health, Education and Welfare 1970). 
However, possibly hazardous levels of CO .may occur in 
connection with certain occupations, in households, particularly 
from heating and cooking, and in the general community where 
motor vehicle exhaust is the major source (Table 3) (Goldsmith 
1970, U.S. Dept, of Health, Education and Welfare 1970).
People who work in close proximity to different technol­
ogical sources are chronically exposed to CO; this includes 
people working in metallurgical industries, in different work­
shops, in mines, in streets (e.g. loaders on car ferries, 
traffic tunnel workers, policemen on traffic duty (U.S. Dept, 
of Health, Education and Welfare 1970). A further group of 
workers reported to have occupational exposure to 
CO are firemen (Hawkins 1974). Sails in 1928 found an 
average of 90 p.p.m. CO concentration in public garages and 
repair shops. Concentrations of up to 380 p.p.m. have been 
recorded in closed automobile repair workrooms. Bloomfield 
and Isbell (1928) found an average of 210 p.p.m. in 27 different 
garages. Lawther and Commins (1970) found that 22 smoking 
garage workers had a mean COHb concentration of 5.0% (range
TABLE 3
Source CO emission in 
millions tonnes 
per year
Per cent of 
total
(calculated)
Transportation
Petrol Motor vehicles 6.70 39.85
Diesel motor vehicles 0 . 1 1 0.65
Total 6.81 40.50
Fuel Combustion in 
Stationary Sources
Domestic heating
Total
4.00 23.79
Industrial Processes
Total 6 . 0 0 35.69
Tobacco smoke _ n -------------- Total
0.0025 0 . 0 2
TOTAL 16.8125 1 0 0 . 0 0
CO emission from various sources in the United .Kingdom 
in 1970 (modified from Hawkins 1974).
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2.3-8.6 %), whilst 21 non-smokers had a mean of 2.4% (range
0.7-5.9%)and average of 3.6% (range 1.3-6.6 %) for 29 smoking 
policemen on point duty and 1.9% (range 0.6-3.8 %) for eleven 
non-smoking policemen. In the same study,of Lawther and 
Commins (1970) groups of 36 firemen who smoked had a mean 
level of 5.1% (range 0.6-15.1%) COHb, whilst 32 of their 
non-smoking colleagues had a mean level of 3.2% (range 0.4- 
8 .8 %). In another study Gordon and Rogers (1969) have found 
in 35 firemen a mean COHb of 10% with highest record of 44% 
(Hawkins 1974). ,
Because of the large number of motor vehicles, CO is 
produced in significantly large quantities in certain cities 
(U.S. Dept, of Health, Education and Welfare 1970). Rupp 
(1956) reported that 60 million tons of CO were estimated to 
be released per year into the atmosphere of the United States 
in 1953 (Kjeldsen 1969). In Los Angeles, an estimated 20 
million pounds of CO per day was emitted by motor vehicles.
In New York City each day, automobile traffic alone produces 
8.3 million pounds (3.8 million kilograms) of CO; each car 
emits about 1/6 pound of CO per mile of travel at 25 miles 
(40 kilometres) per hour, and about 1/3 pound per mile at 10 
miles per hour (Goldsmith and Landaw 1968). In Washington D.C., 
a traffic flow of 1,800 cars per hour leads to a CO concen­
tration in the air of 14 p.p.m. (Finck 1966). Haagen-smit 
(1966) measured the CO levels in Los Angeles City traffic and 
found that the average concentration was 37 p.p.m. CO and 
that this level increased to 54 p.p.m. in slow and heavy traffic
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(U.S. Dept, of Health, Education and Welfare 1970). During 
the period 1959 through to 1963, Chovin (1967), determined COHb 
levels in three population groups: motor vehicle drivers who 
were thought to be responsible for accidents, workers who 
were sometimes exposed to CO in their occupations, and 
individuals exposed to domestic sources of CO. He found 
that motor vehicle drivers who were involved in auto accidents 
had the highest blood CO levels, followed by workers with 
CO exposure. Individuals with suspected exposure to CO in 
the home had the lowest blood CO levels (U.S. Dept, of Health 
Education and Welfare 1970). In 1960 Clayton and his 
associates found that accident-involved drivers had higher 
COHb levels than pedestrians involved in traffic accidents 
(Goldsmith and Landaw 1968, U.S. Dept, of Health, Education 
and Welfare 1970).
CO has also been held to be an important cause of 
military air crashes. Wilks and Clark (1959) reported that 
one-third of 186 victims of fatal air crashes in the United 
States Air Force had blood concentration in excess of 30%
COHb as a result of engine exhaust leakage.
Lindgren (1961) examined two groups of male workers, one 
group occupationally exposed with significantly higher COHb 
levels, the other group not occupationally exposed. He found 
no higher frequency of symptoms and signs, typical of chronic 
CO poisoning, in the exposed group than in the control group. 
Nor did he find differences in the frequency of illness between
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the two groups (U.S. Dept, of Health, Education and Welfare 
1970).
Finck (1966) reported that in general the engine of an 
automobile running in a closed, single car-garage produces 
an amount of CO fatal to man within 5 minutes. He added that 
a CO concentration of 0.4% (4>000 p.p.m.) kills a man within 
one hour.
The threshold limit value for occupational exposure in 
industry is 50 p.p.m. for 8 hours; this was reduced from 100 
p.p.m. for that period in 1964 because of the new evidence of 
possible adverse effects, mostly on the C.N.S., from exposures 
in the range of 50 to 100 p.p.m. (Goldsmith and Landaw 1968). 
The occupational exposure to CO in the United States was 
limited to 30 p.p.m. for an eight hour exposure which would 
result in 4.8% COHb. Dinman (1968) recommended dropping the 
8 hour community level from 30 p.p.m. to a level of 20 p.p.m. 
for that period (Goldsmith and Landaw 1968). However, in 1971 
the Federal Register of the United States recommended an 8 hour 
limit of.9 p.p.m. or one hour limit of 35 p.p.m. (Knelson 1972)
CO found inside buildings may be attributed to internal 
source of exposure, such as faulty heating appliances, cooking 
stoves, defective or obstructed chimney, flue or leaking of 
coal gas (U.S. Dept, of Health, Education and Welfare 1970, 
Hawkins 1974). Each winter a number of people die as a 
result of CO poisoning associated with household heating,
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generally when it is improperly vented (Goldsmith 1970).
Morton (1970) has shown that 1,317 deaths in Great Britain in 1963, 
were due to accidental gas poisoning. Of these, 1,193 were 
due to poisoning by unburnt gas (Hawkins 1974).
If we look at the time course of exposure, we find, in 
the case of cigarette smoking, it will continue as long as 
the smoking habit continues, whilst in the case of occupational 
exposure, it is confined to the working day, and, in the case 
of household exposure, it ranges from 4 to 8 hours a day.
Table 4 illustrates the contributional differences of urban 
atmosphere, cigarette smoke and endogenous production of CO 
to COHb concentration. Although a higher quantity of CO is 
produced from technological sources and a lower quantity 
produced from endogenous sources, we find that the endogenous 
source is 35,000 times more effective in producing a given 
rise in COHb and 6,800 times for cigarette smoke. This means 
that the closer the source of CO production is to the Hb 
molecules, the more effective it is in producing COHb (Hawkins 
1974). In Table 5 we can see that cigarette smoking is the 
major source of CO with even greater cumulative effect than 
endogenous production. Since cigarette smoking produces 
a high level of COHb for prolonged periods, it may be con­
sidered of epidemiological importance. The relative con­
tribution of each source is shown diagramatically (on page 2 1 ) 
with and without endogenous production respectively (Hawkins 
1974).
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C i g a r e t t e  s m o k in g
Relative contribution of major exogenous sources of Carbon 
monoxide (a) and of chronic exposure to CO (b).
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Atherosclerotic disease: It is a disease of the large and
medium sized arteries, which affects middle aged males (over 
45) and postmenopausal females predominantly. It results in 
an accumulation of lipid material in the arterial lumen 
(the inner portion of the arterial wall), causing obstruction 
of the vessel directly, and sometimes thrombosis occurs 
secondarily on the roughened intima (Rolling 1972, Ross and 
Glomset 1973). The term atherosclerosis signifies a 
palpable and visible pathological condition of the vessels, 
namely the hardening and thickening of the wall (Bredt 1969). 
The most common sites affected are the coronary arteries, the 
carotids, the thoracic and abdominal aorta, the renal arteries, 
the cerebral arteries and the iliac femoral-popliteal- system, 
supplying blood to the lower extremities. The lesions tend 
to be focal rather than generalized in distribution (Gotto 
et al. 1976, Ross and Glomset 1973).
Many theories have been proposed for the pathogenesis of 
atherosclerosis (Haust and More 1971), however, only two are 
relevant to this thesis. The widely accepted theory is the 
so-called filtration theory. It holds that the infiltration . 
of fatty substances from the blood stream into the arterial 
wall gives rise to the deposition of cholesterol that acts as 
an irritant, causing inflammation and the proliferation of 
cells (Benditt 1977). The increased rate of atherosclerotic 
heart disease among people with higher than normal levels of 
blood cholesterol would appear to support this theory (Dawber
et al. 1957).
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Hueper (1944) suggested that the common action of the 
various agents known to produce experimental atherosclerosis, 
is to interfere with the oxidative metabolism and nutrition 
of the vascular wall, leading after prolonged or frequently 
recurring episodes to degenerative changes. This is referred 
to in the literature as the anoxaemia theory.
Atherosclerotic lesions. Atherosclerotic lesions are focal 
intimai lesions of the elastic and distributing muscular 
arteries (Haust and More 1971). Three classic types of 
lesion are recognised: the fatty streak, the fibrous plaque
and the so-called complicated lesion.
1. Fatty streaks. These are yellowish relatively flat areas 
that are readily seen when the lumen of an affected artery
is exposed by gross dissection. The yellow colour is 
associated with the presence of lipid deposits, particularly 
cholesterol, found mainly within intimai smooth muscle cells 
(foam cells). These lesions develop in childhood and 
adolescence (Ross and Glomset 1973).
2. Fibrous plaques. These are whitish in gross examination 
and are elevated so that they protrude into the- lumen. The 
elevation is associated with a focal accumulation of intimai 
lipid-containing smooth muscle cells. These cells, collagen, 
and elastic fibres form a cap that covers a large, deeper 
deposit of extra cellular lipid and cell debris. These lesions 
are rich in connective tissue but poor in lipid (Ross and
24
Glomset 1973, Gotto et al. 1976).
3. Complicated lesions. These appear to be fibrous 
plaques that have been altered by ulceration, haemorrhage, 
calcification, and cell necrosis; they are often accompanied 
by luminal erosion of the arterial wall and mural thrombosis 
(Ross and Glomset 1973, Haust and More 1971).
Risk factors and atherosclerotic lesions. Factors that may 
be responsible or contribute to the precipitation .of 
clinical manifestations, are referred to as risk factors, in 
the case of atherosclerotic disease these risk factors include 
the following:-
1. Age
2. Sex
3. Race
4. Serum lipid and dietary fat
5. Changes in metabolism and structure of the 
arterial wall
6. Hypertension
7. Hyperglycaemia
8. Obesity
9. Physical activity 
and 10. Cigarette smoking.
Of these factors, cigarette smoking is the one considered 
here,
Cigarette smoking. The tendency for heavy smokers of
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cigarettes to develop CHD can, at least in part, be attributed 
to atherosclerotic lesions, since lesions are more extensive 
in heavy smokers than in non-smokers. Recent, studies of male 
autopsy have shown more coronary atherosclerosis in heavy 
smokers than in non-smokers of similar age and race (Strong 
et al. 1971). Aortic atherosclerosis has also been shown 
to be greater in the heavy cigarette smokers. Data from 
the New Orleans sample showed that lesions are consistently 
more extensive for those averaging 25 or more cigarettes a 
day for the last 10 years of life than for those averaging 
less than 1 cigarette per day (Strong et al. 1971).
International data demonstrate a significant correlation 
between average consumption of cigarettes and CHD mortality 
rates for both middle-aged male and female populations of the 
developed countries, the correlation coefficients between 
cigarette smoking and CHD mortality in these data are higher 
for the female than the male population (. Stamler et al. 1971). 
Risk generally increased with number of cigarettes used daily. 
For users of pipe or cigar tobacco, 10-years rates were only 
slightly and insignificantly higher than those from men who had 
never smoked. Data are also available now confirming that 
cigarette smoking is a major risk factor for premature 
atherosclerotic disease of the lower extremities. In 
addition, three autopsy studies have recently shoivn that 
atherosclerosis of aorta and/or coronary arteries was more 
severe in persons who had been habitual cigarette smokers 
compared with non-smokers (Stamler et al. 1971).
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Concerning the effect of cigarette smoking cessation, 
reports indicated that a reduction in CHD risk followed 
this cessation and that CHD mortality rates of former 
cigarette smokers were well below rates of current smokers, 
especially among younger groups. These findings support 
the concept that cigarette smoking cessation is of value in 
the effort to prevent CHD (Stamler et al. 1971). Wilens and 
Plair (1962) suggested that the higher incidence of severe 
atherosclerosis of the aorta and the slightly higher incidence 
of myocardial infarcation in cigarette smokers, may be related 
to the slight elevation in blood cholesterol concentration 
(but not above the accepted upper limits of normal) when 
compared with non-smokers. They added, that if an association 
exists between smoking practices and the development of 
atherosclerosis, it is, at best, not strong and inconclusive.
Unexplained variability. A finding worth noting in all 
studies of human atherosclerosis, is the wide variation 
among individuals in extent of lesions, e.g. in two reports 
from TAP* variability in extent of lesions were demonstrated. 
Even after selecting cases according to race, sex, age, 
disease and level of cigarette consumption, there is still 
much variability to be explained (Strong et al. 1971).
This unexplained variability could be the result of genetic 
influence which regulates susceptibility to other aetiological 
agents. Kaunitz (1975) suggested that one should examine the 
possibility of a specific infectious factor in the aetiology 
of atherosclerosis.
* International Atherosclerosis Project
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Literature Review
Physiological and Pathological effects of CO
During the last 15 to 25 years, the interest in the bio­
logical effects of moderate exposure to CO has increased 
considerably, mainly because of the concern about the risks 
of the growing air pollution and to the findings of often 
quite high COHb levels in smokers up to 10% (Hartridge 
1919-20, Silliphant and Stembridge 1958, Townsend and 
Davidson 1961, Dominguez 1962, Bowden and Woodhall 1964, and 
Kjeldsen 1969) and sometimes even 17% (Ayres et al. 1965)
The chief reason for studying the biological effects of CO 
is to understand its influence on man's health and activities 
(Bartlett 1968) .
The toxic effect of CO on the animal organism has 
probably been known by man since the discovery of fire, and 
it has been recognized as a dangerous poison in ancient times. 
It was Claude Bernard (1857) who first studied its mode of 
action, and he showed that blood treated with CO was unable 
to bind Og (Astrup and Kjeldsen 1973). However, it was 
J.S. Haldane who is considered to be the real pioneering 
investigator of the physiology and toxicology of CO. Together 
with some of his co-workers, he performed the now classical 
studies of the effects of CO exposure on man. 'In 1895(b) 
Haldane considered, as a result of his investigations, that 
the only toxic effect of CO was its ability to bind Hb at 
much higher degree than O 2 , thus displacing O 2 in oxyhaemo-
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globin (O^Hb) and depriving blood of its O 2 transport ability. 
However, as long as this transport function was not seriously 
impaired, CO was regarded as relatively harmless. This was 
supported by the findings of many physiologists, showing that 
concentrations of up to 20% of COHb had little or no effect 
at rest on the usual physiological parameters measured, such, 
as heart rate,cardiac output, respiration, blood pressure, 
(quoted by Kjeldsen 1969 ) •
The principal toxic properties of CO are based on its 
reactions with haemoproteins. The most important of these 
reactions is the reversible combination of CO with Hb to 
form COHb.
CO + Hb^=±COHb 
Both O 2 and CO react with Hb in a very similar manner and 
the affinity of Hb for CO is between 200-300 times greater 
than that for O 2 (U.S. Dept, of Health, Education and Wel­
fare 1970). The major effect of CO depends upon its ability 
to impair O 2 transport by blood through two distinct mechanisms 
Firstly, since the affinity of human Hb is 200 to 300 times 
greater for CO than it is for O 2 , a small quantity of CO can 
reversibly inactivate a substantial percentage of the 0 2 - 
carrying capacity of the blood. Secondly, COHb interferes 
with the release of the O 2 carried by the Hb molecule, so 
that less O 2 is made available to the tissues, (Roughton and 
Darling 1944).
As already mentioned, the toxicity of CO includes not
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only the displacement of O 2 from Hb in arterial blood, but 
also the interference with O 2 release at the tissue level. 
The latter effect can be understood by studying the O^Hb 
dissociation curve (Roughton and Darling 1944) . The 
presence of COHb causes a shift of the C^Hb dissociation 
curve to the left, which implies that for a given O 2 
saturation, there is a lower partial pressure of O 2 (U.S. 
Dept, of Health, Education and Welfare 1970). Such a shift 
in O^Hb dissociation means that the avidity of Hb for O 2 is 
increased at the tissue level.
Equilibrium relationships. When a person breathes air 
containing a certain concentration of CO for several hours, 
he reaches a state of equilibrium with respect to the gas, 
in which the partial pressure of CO (PCO) in the pulmonary 
capillary blood is equal to that in the alveolar and ambient 
air. The equation of the reaction depends on the partial 
pressure of CO and that of O 2 because the two gases compete 
for the same reactive sites on the Hb molecule.
CO + Hb COHb
The relationship is described by the Haldane equation:
(COHb) PCO
------- = M X ---
(02Hb) PO2
where (COHb) and (02Hb) are the concentration of the Hb 
compounds (usually expressed as saturation percent) and M 
is the relative affinity constant, numerically about 210 at 
physiological temperature and pH; although values of up to 
245 have been reported (Bartlett 1968, U.S. Dept, of Health,
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Education and Welfare 1970, Lilienthal 1950). This means 
that the affinity of Hb for CO is about 210 times that of O 2 , 
or that equal amounts of COHb and O^Hb exist in equilibrium 
with gas mixture containing 210 O 2 molecules for every CO 
molecule (U.S. Dept, of Health, Education and Welfare 1970).
M is high (200) in most species, in spite of the fact that 
CO combines with Hb more slowly than does O 2 , and the reason 
for the tight binding of CO is that COHb dissociate very 
slowly,(Holland 1970).
Since the toxic symptoms of CO inhalation appear to 
be due to the combination of CO with Hb, investigators have 
concerned themselves with the relationship of COHb and toxic 
symptoms, e.g. in Table 6 we can see that deaths can occur 
with approximately 60% of the Hb in the form of COHb and that 
toxic symptoms are presented at levels of 10 to 20% COHb.
Other investigators have reported deaths occurring at 30 to 
40% COHb and toxic effects on the CNS at levels of less than 
10% COHb (Gettler and Freimuth 1940). Finck (1966) suggested 
that each case must be interpreted individually, in the context 
of possible other factors associated with the exposure to CO, 
such as age, altitude (lack of O 2 ), pre-existing disease, 
alcoholic intoxication, influence of drugs, such as barbiturates, 
trauma and burns.
However, the above reported toxic effects of CO are 
considered to be due to the reduction of the O 2 carrying 
capacity of the blood. Yet, many persons with less than 50%
TABLE 6
Signs and symptoms of CO poisoning correlated 
with percentage of CO in inspired air, and 
percentage of blood saturation. Reproduced 
from Dominguez 1962, Goldbaum, Ramirez and 
Absalon 1975, and Whorton 1976.
Signs and Symptoms
% Blood COHb 
saturation
%C0 in
air
Effect
None 0-10 0-01 Allowable 
3-4 h ours
Tightness across forehead; 
possibly slight headache; 
dilation of cutaneous blood 
vessels. 19-20 0-04 Allowable 
1 hou r
Headache; throbbing in temples 20-30 0-06 Causes 
effect in 
1 hour
Severe headache; weakness; 
dizziness; dimness of vision; 
nausea and vomiting; collapse
30-40 0-10 Unpleasant , 
riot dangerous
Same as previous item but with 
greater possibility of collapse 
or syncope; increased respiration 
and pulse.
40-50 0-15 Dangerous 
1 hour
Syncope; increased respiration; 
and pulse ; 'coma with inter­
mittent convulsions.; Cheyne- 
Stokes respiration
50-60 0—4+ Fatal 1 hour 
or less
Coma with intermittent con­
vulsions; depressed heart 
action and respiration ; 
possible death. 60-70
Weak pulse and slowed 
respiration ; respiratory 
failure and death. 70-80
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of the normal Hb show no symptoms. The explanation for this 
is that these persons adjust in some way to a gradually 
lowered Hb and can maintain sufficient 0^ tension in the 
blood (Goldbaum 1977). The finding of toxic effects at 10% 
COHb makes it difficult to see how this concentration of 
COHb could effect the 0^ - carrying capacity of the blood.
Yet, it is stated that inhalation of CO, resulting in a low 
percentage of COHb will alter the 02Hb dissociation of the 
blood and cause impaired unloading of 0^ in the tissues.
This explanation is based on a study of CO-effect on the 
02Hb dissociation curve in vitro by Roughton and Darling 
(1944). However, it seems that CO toxicity must have an 
explanation other than its combination with Hb.
Other haemoproteins. It is known that CO competes with O 2 
for such other haemoproteins as myoglobin (Mb), peroxidases, 
catalases, and cytochromes (cytochrome oxidase and cytochrome 
P-450). The most important of these is the reaction-of CO with 
the cytochromes (Coldbaum et al. 1975).
a. Cytochrome oxidases. These are haemoproteins that in 
vitro are capable of reacting with CO. The reaction between 
the haem of these compounds and CO appears to be similar to 
the reaction of CO with Hb and Mb. Reversible binding, 
photolysis and competition between O 2 and CO are characteris­
tics of cytochrome oxidases. Cytochrome oxidases are 
important in the O 2 consumption system of the mammalian cell 
and can be blocked in some part by CO (U.S. Dept, of Health,
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Education and Welfare 1970). The reaction between cytochrome 
a^ (C-a^) and 0^  accounts for about 90% of the total O 2 
consumption by the cell. Ball et al. (1951) and Chance et 
al. (1970) demonstrated the inhibitory effects of CO on the 
C-a^. Therefore it is apparent that if CO interferes with 
cell O 2 consumption, toxic symptoms will occur. In the 
presence of O 2 , the reaction of CO with C-a^ is competitive 
and the CO uptake depends on the concentration of the enzyme 
and the ratio of CO to O 2 rather than on the concentration 
of CO alone. For 50% inhibition, the required ratio of CO 
to O 2 is between 2.2 and 28 (U.S. Dept, of Health, Education 
and Welfare 1970).
b. Cytochrome ~P-450 (C.P-450). This is located in the 
microsomal fraction of the cell generally associated with the 
endoplasmic reticulum of tissues such as liver, kidney, intest­
ine and adrenal gland. CP-450 is a member of the chain of 
mixed function oxidases that catalyze the incorporation of 
atmospheric O 2 into organic compounds (U.S. Dept, .of Health, 
Education and Welfare 1970). It is reported that CP-450 
functions in the oxidative transformation of a diversity of 
compounds including steroids, and fatty acids. Also, under 
appropriate conditions, the CP-450 catalyzed reactions are 
significantly more, inhibited by CO than the mitochondrial 
oxidation reactions catalyzed by cytochrome oxidase (Estabrook, 
Franklin and Hildebrandt 1970). The ratio of CO to O 2 
required for 50% inhibition is approximately 1 to 1 (range 
0.5-1.5) (Cooper et al. 1965).
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Absorption and elimination of CO. Haldane, in a series of 
extraordinarily punishing experiments on himself, made the 
first study of the rate of uptake of CO from inspired gas 
mixtures (Haldane 1895a). Since then, a number of similar 
studies have been reported (Forbes et al. 1945, Lilienthal 
1950). The rate of CO uptake by the lung may be determined 
theoretically by a number of 'factors including: (1) ambient 
and pulmonary capillary PCO and PO 2 , (2) alveolar ventilation 
(3) the diffusing characteristics of the lung, plasma and 
red cell membrane (4) pulmonary capillary blood flow (5) the 
kinetics of the reactions of CO and O 2 with Hb (6) exposure 
duration (7) blood volume (8) barometric pressure and (9) rate 
of endogenous CO production (Lilienthal 1950).
Of the variables which determine COHb saturation, CO 
concentration and duration of exposure are the most influential 
(Tables 7 and 8). A brief exposure to a high CO concentration 
can result in a significantly elevated COHb saturation.
Alveolar ventilation also is a major variable in the rate of 
COHb formation. Forbes et al. (1945) have reported that the 
absorption of CO varies almost in proportion to the rate of 
ventilation up to volumes of 20 litres, above 20 litres, the 
uptake is 10-15% lower than expected from true proportionality. 
The partial pressure of O 2 in the lung capillaries is also 
a major determinant of COHb saturation. In atmospheres with 
a reduced O 2 tension, higher COHb saturations result, (because 
the rate of reaction of CO with Hb is inversely proportional 
to the O 2 pressure) (Forbes et al. 1945). It has been
TABLE 7 -
Carboxyhaemoglobin saturation in smokers 
under various conditions as compiled from 
the literature. Original values in vol. per 
cent are expressed in sat. per cent assum­
ing normal haemoglobin concentrations 
(reproduced from Kjeldsen 1969).
Source Subjects
No in 
series
Carboxyhaemoglobin (sat.%) 
Mean Range S.D
Hartridge (1919- 
20)
Habitual
Smokers 2 3 0-6 -
Gettler and 
Mattice (1933)
New York city 
dwellers 18 1.4 1.0-4.1
Rural dwellers 12 1.2 0.5-3.6 -
New York 
street-cleaners 12 3.5 1.2-6.8 —
New York taxi 
drivers 2 13.5 8-19 -
Schmidt 
(1939 a,b)
Habitual 
smokers (20- 
30 cigarettes/ 
day) 3 3.5 3.1-4.0
Schrenk (1942) Moderate 
smokers (<20 
cigarettes/day 39 4.1 1.9
Heavy smokers 
(>20 cigarettes 
day) 21 5.4 1.8
Pipe-smokers 5 2.5 — —
Sievers, 
Edwards, 
Murray and
Cigar-smokers
Moderate 
smokers (<20 
cigarettes/day) 39
3.2
4.1
Schrenk (1942) Heavy smokers 
020 cigarettes/ 
day) 21 5.4 — -
Wennesland
(1945)
Habitual smokers 
(<15 cigarettes/ 
day ) 35 0.5-10.5
Pipe-smokers 7 — 0-11.5
Gaensler, 
Cadigan, 
Ellicott Jones 
and Marks 
(1957) Habitual smokers 9 4.7 3.1-7.9
—
continued. . . .
Table 7 continued.
Source Subjects
No in 
series
Carboxyhaemoglobin 
Mean Range
(sat.%)
S.D
Whitehead and 
Worthington 
(1961) Habitual smokers up to 6.5
Trinder and 
Harper (1962) Habitual smokers 3 3.8 3.2-4.8 -
Hoffreuter, 
Catott and 
Xintaras(1962) Habitual smokers 19 2.9
Curphey, Hood 
and Perkins
(1965) Longshoremen : 
Light smokers 55 2.3
Moderate smokers 153 3.0 —— -
Heavy smokers 29 4.0 - —
Ayres,
Gianelli and
Armstrong
(1965) Habitual smokers 25 4.2 up to 17.0 -
TABLE 8
Carboxyhaemoglobin saturation in non-smokers 
under various conditions as compiled from the 
literature. Original values in vol. per cent 
are expressed in sat. per cent assuming normal 
haemoglobin concentration (reproduced from 
Kjeldsen 1969).
Source Subjects
No in 
series
Carboxyhaemoglobin (sat. %) 
Mean Range S.D.
Hanson and 
Hastings(1933)
Normal non- 
smokers in 
Chicago 7 1.5 1.2-1.9
Schmidt 
(1939 a,b) Non-smokers 14 0.6 0.2-1.1 -
Schrenk (1942) Non-smokers 21 1.7 - 0.6
Sievers, 
Edwards, 
Murray and 
Schrenk (1942) Non-smokers 21 1.7
Grut (1949) Non-smokers in
Copenhagen
(Winter)
Non-smokers in
Copenhagen
(summer)
100
100
0.6
0.1
0-4
0-1
-
Gaensler, 
Cadigan, 
Ellicott Jones 
and Marks 
(1957) Non-smokers 9 0.9 0.6-1.2
Whitehead and 
Worthington 
(1961) Non-smokers 0.8 0-1.5
Trinder and 
Harper (1962)
Adult
Children
23
24
0.9
0.6
0.4-2.1 
0.3-1.0
0.3
0.2
Hofreuter, 
Catott and 
Xintaras (1962) Comparison group 6 1.9 .
Goldsmith, 
Terzaghi and 
Hackney (1963)
Non-smokers in 
Los Angeles 
during daytime 
(8a.m. to 10.45 
p.m.) 1 2.3 1.4—2.7 —
c o n t in u e d . . . .
Table 8 continued.
Source Subjects
No in 
series
Carboxyhaemoglobin (sat. %) 
Mean Range S.D.
Bowden and 
W oodhall(1964)
Hospital
Staff 42 0 .7 0 .2 - 1 . 5 0 .3
Curphey, Hood 
and Perkins 
(1965) Longshoremen 115 0 .4
Ayres,
Gianelli and 
Armstrong
(1965)
Normal
non-smokers 28 0 .9 0 .1 - 1 . 9
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reported that equilibration with low concentrations (200 to 
400 p.p.m.) had a half-time in terms of COHb formation, of 
about 2 hours and was 90% or more complete after six hours in 
persons engaged in light activity (Forbes et al. 1945).
The elimination of CO is most rapid early in its course, 
when the PCO gradient between blood and air is maximal and 
slows as the pulmonary capillary PCO approaches that of the 
ambient air (Bartlett 1968). Most of the CO is eliminated 
unchanged by the lungs with less than 1% of the gas being 
oxidized within the body to CO2 * The biological half-life 
of the gas in healthy, sedentary adults at sea level is 4 
hours (Roughton and Root 1945). Wald et al. (1975) reported 
different COHb half-times according to different activities 
as 2J hours for sedentary, 2 hours for light activity and 1 
hour for moderate activity, and during sleep the half-life 
of COHb was taken as 4 hours. Hawkins (1976) confirmed this 
when he found that physical exertion (during smoking) increases 
CO elimination in smokers when it is compared to sedentary 
smokers with no significant differences in number of cigarettes 
smoked. ’ He has interpreted the low level of COHb in pregnant 
women as being due to cardiorespiratory adjustments which 
simulate exercises.
The correlation of the elimination half-time with age was 
direct,for it appeared that each year of life increased the 
half-time by 1%. This was referred to the ageing process in 
cardio-respiratory functions (Lilienthal 1950). The excretion
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rate is increased considerably by breathing O 2 . Roughton 
and Root (1945) reported that in normal men breathing air, 
half the CO is eliminated in 240 minutes and that by breathing 
O 2 the elimination half-time is reduced to 40 minutes, a six­
fold acceleration.
Signs, symptoms and effects related to CO and COHb saturation
In an experiment on himself. Witter (1814) tried three 
or four hearty inspirations of the CO gas. He described the 
effects on himself as, sudden deprivation of sense and 
volition, with supine and motionless fall on the floor in a 
state of total insensibility for nearly half an hour. He 
admitted that the consequence had very nearly proved fatal 
to him. In 1895 Haldane exposed himself to CO and analysed 
his. COHb% saturation. At a COHb saturation of 20%, he noted 
no particular effect. Dizziness and palpitations occurred 
after running upstairs. At a saturation of 30%, dizziness and 
dimness of vision occurred thirty seconds after running up­
stairs and at 40%, symptoms were more marked; Haldane feared 
he would faint upon exertion. At 50% he felt no discomfort 
at rest and at 56% in one experiment, Haldane was hardly able 
to stand and was unable to walk. After each experiment,
COHb fell below 20% saturation within 3 hours of breathing 
air (Haldane 1895a). Whorton (1976) reviewed CO intoxication 
in 14 patients exposed to CO from different sources, with COHb 
saturation ranges from 19-38%. The effect ranged from head­
ache to collapse of the patient unconscious.
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Permutt and Farhi (1969) demonstrated that a little 
COHb (5% or less) could interfere significantly with the O 2 
supply to tissue with high O 2 demand, such as the brain 
(Beard and Grandstaff 1970). The authors concluded that 
they know of no evidence of a CO threshold level below which 
the effect on tissue oxygenation would be absent. However, 
Forbes et al. (1937) showed, ih tests simulating automobile 
driving, that when eight men breathed CO until their blood 
saturation reached 30%, their binocular vision and their 
coordination of hands and of eyes were not affected. Their 
performance was slightly impaired when the COHb saturation 
reached 45% (Finck 1966). Further, CO exposure for 168 days 
(up to 39% COHb) failed to produce pathologic changes in the 
CNS of a variety of animals (Rhesus monkeys, baboons, dogs, 
rats or mice). Also,CO did not influence the mortality rates, 
growth rates, or clinical chemistry of these animals.
(Theodor et al. 1971).
Goldsmith and Aronow (1975) , reported that the most 
vulnerable target organ for low level CO exposure appears to 
be the heart. Also, Hodjati et al. (1976) demonstrated in 
dogs, that the heart is the primary target organ for CO (5%) 
intoxication (mean COHb was 52%). However, after 4 hours 
exposure of human subjects to 100 p.p.m. CO (5-9% COHb), 
Knelson (1972) observed a greater myocardial stress, at 
comparable work loads. In 7 out of 26 persons, aged 41-60 
years, abnormal ECG’s were found. In a younger group of 12 
persons, aged 25-36, no abnormal ECG’s were seen (Astrup and
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Kjeldsen 1973). In the light of this and other experiments, 
Astrup and Kjeldsen (1973) suggested that CO in tobacco smokers 
may have a serious myocardial effect. However, Asmussen et al. 
(1941) studied in human subjects the effect of mild to moderate 
acute CO poisoning on the respiration and the circulation.
They found that the respiration was unaffected (up to rather 
severe poisoning) and that the cardiac output was unchanged 
(up to COHb saturation of about 30%), whereas more severe 
poisoning caused a moderate increase of the cardiac output 
(Asmussen and Knudsen 1943).
After exposing rats and mice, five days per week, to 50 
p.p.m. CO for periods extending from three months to two years, 
Stupfel and Bouley (1970) found no effects during the first 
three months on growth, reproduction, weights and water 
percentages of different organs, haematological and biochemical 
data, except slight alteration at the beginning of the exposure 
in cholesterolaemia,heart rates and ECG tracing. During the 
two years, they found that mortality and ageing processes, 
such as aortic calcification, spontaneous tumours, were not 
modified by 50 p.p.m. of CO. Furthermore, Robkin et al. (1976) 
exposed explanted rat embryos to three CO concentration, 400, 
50,000 and 100,000 p.p.m. The authors observed no change in 
the embryonic heart rate despite evidence from the colour 
change that occurred when CO had combined with embryonic Hb,
Effects of CO on patients with atherosclerotic disease
There is evidence that it is harmful for subjects with 
coronary heart disease to be exposed to CO at low levels not 
yet shown to be toxic to healthy people. Aronow and Isbell
(1973) have shown that angina pectoris is aggravated by 
exposure to CO at concentration which results in COHb level 
of 2.68%. The authors exercised the patients until they 
developed angina, before and after breathing 50 p.p.m. CO 
for 2 hours. They found significantly less mean exercise 
times until onset of angina after breathing CO, compared 
with breathing normal air. Electrocardiographic changes 
suggestive of CHD were noticed only during exercise after 
CO exposure.
Goldsmith and Aronow (1975) reported aggravation of 
angina pectoris and intermittent claudication following 
exposure to 50 p.p.m. CO for 90 and 120 minutes respectively, 
These authors suggested that CO in smoking produces, or 
aggravates atherosclerosis. Ayres et al. (1970) reported 
that CO is harmful in persons who already have CHD. They 
demonstrated that coronary blood flow increased less in 
patients with CHD exposed to CO (9% CHOb) than in normal 
subjects similarly exposed.
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CO and experimental atherosclerosis
Astrup et al. (1966) found that smokers with peripheral 
atherosclerotic disease (Buerger’s disease) had higher COHb 
levels than healthy smokers, and the hypothesis was put 
forward that tissue hypoxia from chronic displacement of 
the O^-dissociation curve, caused by the CO in inhaled 
tobacco smoke, may be important in accelerating human 
atherosclerosis. Astrup’s work has since initiated a 
number of studies in which the atherogenic action of CO 
has been considered. These studies have been carried out 
in two different animal models (cholesterol-fed and non- 
cholesterol-fed animals).
a. Studies in cholesterol-fed animals
Astrup et al. (1967) exposed cholesterol-fed rabbits 
to 170 p.p.m. CO for 8 weeks followed by 350 p.p.m. CO for 
2 weeks. Significantly higher visible aortic and coronary 
atheromatosis was demonstrated in experimental animals than 
in controls. Serum cholesterol values were reported to be 
10-15% higher in the CO-exposed rabbits as compared to the 
non- exposed controls, and accordingly the cholesterol 
content of the aortic wall was 2.5 times higher in exposed 
rabbits than the control. ones. Birnstingl et al. (1970) 
exposed 8 cholesterol-fed rabbits to between 300-500 p.p.m. 
CO for 4-6 months. More severe lesions were observed in 
these rabbits than those exposed to CO alone, but no results 
for the control rabbits were reported in this study.
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Webster et al. (1970) intermittently exposed cholesterol- 
fed squirrel monkeys to 250 p.p.m. CO for 7 months (4 hour 
daily). They demonstrated that CO exposure aggravates 
induced atherosclerosis in coronary arteries, while it does 
not affect aortic atherosclerosis. No difference in total 
serum cholesterol values was found between CO-exposed 
animals and controls.
Armitage et al. (1976) in an experiment on white 
carneau pigeons, fed 1% cholesterol and exposed to 150 p.p.m. 
CO, resulting in a mean COHb level of 10%. They reported 
that the severity of coronary artery atherosclerosis was 
significantly more in birds exposed to CO than in non-exposed 
birds after 52 weeks exposure, but not after 84 weeks, where 
the severity of the coronary artery atherosclerosis was similar 
No significant morphological changes could be demonstrated in 
the aortas after 20, 52 or 84 weeks of exposure. At 52 weeks 
the birds with coronary atherosclerosis had a 15% higher mean 
serum cholesterol concentration than control birds. The 
increased severity of coronary atherosclerosis was related 
to this difference in serum cholesterol concentration.
The authors suggested that, in white carneau pigeons, exposure 
to CO has an enhancing effect on plasma cholesterol levels, 
which in turn, affects the development of the disease.
Davies et al. (1976) exposed 2% cholesterol-fed rabbits, 
intermittently to 250 p.p.m. CO (giving approximately 20%
COHb) for 10 weeks (4 hours daily). Coronary atherosclerosis
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was found to be enhanced by CO-exposure in this study. Serum 
cholesterol concentrations were slightly, but not significantly, 
increased in the CO-exposed rabbits. Davies et al. attributed 
this effect to their shorter experimental time (as it may 
represent an.acute exposure to CO). However, on exposing 
white carneau pigeon for a longer period of time (after 84 
weeks) they found that the effect was not present.
Malinow et al. (1976) intermittently exposed hyper- 
cholesterolaenic cynomolgus monkeys to 500 p.p.m. CO for 14 
months (30 minutes per hour for 12 consecutive hours per day), 
These authors could not attribute differences in the plasma 
cholesterol level or in aortic and coronary atherosclerosis 
to the CO exposure.
b. Studies in non-cholesterol-fed animals
In rabbits not receiving cholesterol, Wanstrup et al.
(1969) found that exposure to 90 p.p.m. CO for 3 months (11% 
COHb) enhanced (microscopically but not macroscopically) 
spontaneous intimai-subintimai atherosclerotic changes in 
the aortic arch of these rabbits. No morphological changes 
were found in the coronary arteries.
Theodore et al. (1971) reported that exposing a variety 
of animals (Rhesus monkeys, baboons, dogs, rats and mice) to 
370 p.p.m. CO for 71 days followed by 460 p.p.m. for 97 days 
(up to 39% COHb) resulted in no atheromatous changes in any
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ofthe aortas studied by gross or microscopic examination.
From studies such as these it would appear that mammalian 
species are able to tolerate CO quite well. Theodore et al. 
concluded that if CO at these levels had an adverse effect, 
adaptive processes must take place early during exposure, and 
the compensatory changes override the initial CO effect.
However, with the use'of electron microscopic techniques 
(scanning and transmission) the changes in intimai-sub intimai 
layers of aorta looked very dramatic. After exposure of 
rabbits to 180 p.p.m. CO for 2 weeks, giving approximately 
16 to 18% COHb, pronounced changes occurred in the aortic 
arch and in the thoracic part of the aorta, demonstrated 
first of all by a very high degree of oedema beneath the 
endothelial cells, pushing the cells away from the basement 
membrane. The regular folding arrangement, observed in 
normal rabbits by scanning electron microscopy, disappeared 
with the occurrence of blisters beneath the cells. In some 
areas the endothelial junctions were separated, and in other 
areas the cells were disrupted. Tiny haemorrhages could be 
seen as well in some areas (Kjeldsen et al. 1972).
Thomsen (1974) exposed monkeys (Macaca irus) to 250 
p.p.m. CO for 2 weeks continuously or intermittently (12 hours 
daily). Using TEM, this author noticed ultrastructural 
changes in his monkeys’ coronary arteries, including sub- 
endothelial oedema, occasionally with gaps between the endo­
thelial cells and infiltration of monocyte-like cells into
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the sub-endolthelial space. However, unlike the 
tabbit aorta, the changes were only noticed during continuous 
exposure. No intimai changes were seen in the intermittently 
exposed group. Thomsen concluded that exposing monkeys 
continuously to CO initiates the development of atherogenic 
vascular disease.
Later, Thomsen and Kjeldsen (1975) made an attempt to 
estimate the threshold limit for CO-induced focal intimai 
oedema in thoracic aorta of rabbits. They observed a 
significantly higher incidence of focal intimai changes in 
rabbits exposed to 180 p.p.m. CO for 4 hours or more, than 
in rabbits given a shorter or weaker exposure.
Cucu et al. (1975) exposed white rats (well known 
to be resistant to experimental atherosclerosis) for 13 
weeks (6 days per week, 3 hours daily) to a mixture of air 
and exhaust gases, corresponding to a concentration of CO 
ranging between 350 and 400 p.p.m. Cucu et al. noticed a 
transient increase of cholesterol, and appearance of localised 
thickening in the aorta. They suggested a cumulative effect 
of the substances, beside CO, which were released in the 
atmosphere with the exhaust gases (nitrogen monoxide, 
sulphurated compounds, etc.).
Armitage et al. (1976) reported that CO had no athero­
genic effect on the aortas or coronary arteries of normo- 
cholesterolaemic white carneau pigeons exposed to 150 p.p.m.
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CO for 84 weeks. Malinow et al. (1976) intermittently 
exposed normocholesterolaemic cynomolgus monkeys to 500 
p.p.m. CO for 14 months (30 minutes per hour for 12 con­
secutive hours per day). They observed no CO atherogenic 
effect in the coronary arteries or aortas of these animals.
No changes in plasma cholesterol levels were attributed to 
the CO exposure.
Recently, Hugod et al. (1978) exposed a total of 150 
rabbits to three different levels of CO in air (200, 2000 
and 4000 p.p.m.) for various periods (0.5-12 weeks). Using 
a blind technique of light microscopic investigation, Hugod 
et al. found no CO effect on coronary or aortic intimai 
morphology in these rabbits. These results, however, do 
not agree with their previous ones, in which no blind 
investigations were used. Furthermore, Malinow et al.
(1976) also found no CO atherogenic effect when a blind 
investigation was used. This strongly suggests that it is 
essential to use blind investigations in future studies.
Astrup (1973) has suggested a mechanism whereby CO 
causes atherosclerosis by reducing the delivery of oxygen 
by the blood to the intimai and medial layers of arterial 
walls causing hypoxic damage. This results in an increase 
in the permeability of the arterial walls to lipids, in­
cluding cholesterol. The combined effect of hypoxia and 
increased cholesterol entry into the arterial wall initiates 
or promotes the process of atherosclerosis. This suggestion
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is in good agreement with both the anoxaemia and filtration 
theories.
The effect of hypoxia (10% O 2 for 8 weeks) on cholesterol- 
fed rabbits was studied by Kjeldsen et al. (1968). They 
reported significant atheromatous changes and a higher aortic 
wall cholesterol (3 to 3.5 times) in the experimental 
than in the control group; on the other hand, if the animals 
were exposed to hyperoxia (28% 0^ for 10 weeks) the athero­
matous changes and the accumulation of cholesterol in the 
aorta decreased significantly in comparison with the control 
animals, breathing atmospheric air (Kjeldsen et al. 1969).
It appears from these experiments that cholesterol accumulation 
and atheromatous changes in the arterial walls of cholesterol- 
fed rabbits, are highly influenced by the composition of the 
air the animals breathe. The accumulation and the athero­
matous changes are increased by hypoxia and CO and decreased 
by hyperoxia. Also, no qualitative difference has been 
found between the lesions in animals exposed to CO and the 
others exposed to hypoxia. Furthermore, Paule et al. (1976) 
found structural changes in smooth muscle cells exposed to 
hypoxia (2% O^), which were similar to those produced by CO 
(0.02%) over a period of 5 days. Since hypoxia gives changes 
similar to those of CO exposure thus, it may be concluded 
taht O 2 deprivation is the primary effect of CO.
However, in contrast to the above results, Helin et al.
(1974) reported that hypoxia (10% O 2 ) for 3 and 30 days.
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induced no gross or microscopic alteration in aorta of the 
rabbits, neither did hypoxia influence the gross athero­
sclerotic changes nor the microscopic changes induced by 
a dilation injury. In the same year Lindy et al. confirmed 
Helin's results by exposing rabbits to the same hypoxia (10% 
O 2 ) for 30 days. Also, 8% O 2 for 2 weeks induced no morpho­
logical changes in the aorta of rabbits (Helin et al. 1975). 
While oxygen exposure (40% O 2 , 2-4 hours daily for 1-8 days) 
was found to reduce significantly serum cholesterol levels 
in patients with vascular diseases (Altschul and Herman 1954), 
hyperoxia (34% O 2 for 8 weeks) led neither to a significant 
reduction in cholesterol accumulation in the inner aorta 
during cholesterol feeding, nor affected significantly the 
rise in serum cholesterol in rabbits (Stender et al. 1976).
Astrup et al. (1967) found that cholesterol content of 
the aortic wall was 2.5 times higher in CO-exposed rabbits 
than in the control ones.Astrup et al. claim that the higher 
cholesterol content in the CO exposed rabbits is partially 
due to the increased filtration of serum cholesterol through 
the aortic wall as a result of CO exposure. In contrast to 
Astrup, Stender et al. (1977) could find no CO effect on the 
aortic cholesterol content of rabbits, when the difference 
in serum cholesterol levels between exposed and control 
rabbits was eliminated by means of individual cholesterol 
feeding. Asmussen and Knudsen (1943) studied the effect of 
acute but moderate CO-poisoning (25-32% COHb) on two human 
subjects (men). Although Asmussen and Knudsen found signi-
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ficant increases in the relative blood cell volume and total 
plasma protein concentration, their study revealed no change 
in capillary filtration. Further, Pauli et al. (1968) 
found that CO exposure (11.5-13.6% COHb) acutely increased 
glomerular filtration rate in men during the first 36 hours, 
while changes during the following 8 days were equivocal, 
but during exposure to hypoxia (3454 metres above sea level) 
glomerular filtration rate remained close to control levels. 
The increased glomerular filtration rate may be explained by 
changes in glomerular membrane permeability.
Siggaard-Andersen et al (1968) observed in the. same 
previous group, that CO exposure significantly increased 
vascular permeability for albumin. However, the increase 
in permeability to albumin was marked after 12 hours exposure 
to CO while this was not the case after more prolonged 
exposure. Exposure to hypoxia in Siggaard-Andersen’s study 
did not change the capillary permeability.
Parving et al. (1972) studied the effect of CO exposure 
on capillary permeability to albumin and uz-macroglobulin in 
9 dogs exposed to CO for 2-5 hours, with 38% COHb saturation. 
They reported an average increase in thoracic duct lymph flow 
of 70%. Parving et al. found that thoracic duct lymph flux 
of albumin and az-macroglobulin showed an average increase 
of 45% and 90% respectively. The increase in thoracic duct 
lymph flow can be explained only by an increase in outward 
net filtration of fluid from the capillary area drained by
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the thoracic duct. In a subsequent study, Parving (1972) 
investigated the effect of hypoxia and CO on plasma volume 
and capillary permeability in humans. Parving exposed 6 
women and 10 men, 21-28 years old to 0.43% CO (20% COHb) for 
3-5 hours. Hypoxia was produced by 3| hours exposure in a 
low pressure chamber at a simulated altitude of 4,500 metres, 
which resulted in approximately 75% O 2 saturation of the 
arterial blood. The author found that the transcapillary 
escape rate for albumin increased significantly during CO 
exposure, but not during hypoxia. In this experiment 
Parving confirmed what had been found in the experiment 
using dogs (Parving et al. 1972). Also, Helin et al. (1974), 
using rabbits, found no changes in the permeability to albumin 
during exposure to hypoxia (10% O 2 ). However, these latter 
results support the hypothesis of an increased vascular 
permeability due to CO exposure, which might lead to sub- 
endothelial oedema as demonstrated by light and electron 
microscopic studies. At the same time the results indicate that 
the action of CO is different from hypoxia. This might for 
example suggest inhibition by CO of some enzyme systems, which 
are responsible for controlling permeability of the endo­
thelial cells to components of plasma.
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Summary
CO is a colourless, odourless, and tasteless gas; It is 
produced primarily by the incomplete combustion of organic 
materials. Exposure to CO may be encountered in daily 
life from a number of sources, for example polluted 
atmosphere, occupation or tobacco smoking. When disregarding 
the relatively rare cases of CO poisoning, smoking is the 
most important individual source of CO inhalation and the 
most effective in producing COHb level.
Atherosclerosis is a disease of elastic and distri­
buting muscular arteries manifesting itself as a focal 
intimai lesion in these arteries. The disease mainly 
affects middle aged males (over 45) and postmenopausal 
females. Atherosclerotic cardiovascular disease is a 
multifactorial one; apart from its association with age, 
dietary habit, predisposing diseases, physical activity, 
etc, during the last decades several large epidemiological, 
and pathological studies have shorn, with little contra­
dictory evidence, a significant association between cigarette 
smoking and the morbidity and mortality of atherosclerotic 
cardiovascular disease.
However, among the multitude of chemical compounds in 
tobacco smoke carbon monoxide has been suggested as pri­
marily responsible for the association between tobacco 
smoking and atherosclerotic cardiovascular disease. This
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hypothesis was first suggested by Astrup et'al. (1966) who
demonstrated increased haemoglobin oxygen affinity in 
tobacco smokers with peripheral cardiovascular disease 
(Buerger’s disease), possibly caused by the CO present in 
tobacco smoke. It was suggested that tissue hypoxia 
resulting from the chronic displacement of the O^Hb dis­
sociation curve, caused by CO, might be important in 
accelerating human atherosclerosis. This original work 
has since initiated a number of studies in which the 
atherogenic action of CO has been considered. The studies 
have been carried out either in cholesterol fed or non- 
cholesterol fed different animal species. However, 
reviewing CO effects on aortic and coronary intimai 
morphology in these animals revealed diversity of results 
with no definite conclusion. Also, this review revealed 
the importance of using blind investigations in assessing 
the atherogenic effect of CO.
The Present Study
The literature clearly indicates a considerable amount 
of confusion as to the pathogenic significance of carbon 
monoxide. Its potential role particularly from cigarette 
smoke, as an atherogenic enhancing or initiating agent, needs 
to be determined with more certainty. The following 
experiments are therefore designed to investigate further 
the potential role of carbon monoxide in experimental 
atherogenesis in the rabbit,and elucidate the mechanisms by 
which its action may be exerted.
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In;large part the morphological studies are designed 
to replicate and expand upon the work of Astrup and his 
colleagues. A serious criticism of Astrup's studies are 
the absence of blind procedures. It is the intention ih 
the present work therefore to adhere to a strictly blind 
experimental procedure to avoid experimenter-bias. The 
morphological studies to be rèplicated are those designed 
to test the hypothesis that carbon monoxide per se causes 
a change in the integrity of the intimal/subintimal layers 
of the artery. Thus, the morphology of this area is 
studied as a unit by both light and electron microscopy. 
There is no intention to investigate possible sub-cellular 
changes,and hence relatively low power electron microscopy 
is employed.
The morphological studies are on rabbit not fed with 
cholesterol, and hence the examinations and procedures em­
ployed do not include those related to lipid deposition in 
the artery. The question of lipid deposition is dealt 
with in a second series of experiments. The method of 
choice here is to measure quantitatively the content of 
cholesterol in the arterial wall; in addition this latter 
series of experiments investigates the possibility that, 
in cholesterol-fed rabbits, carbon monoxide inhibits the 
plasma clearance of cholesterol. The effect of CO on the 
'High'and'Low density’lipoprotein fractions of plasma is also 
investigated. The main purpose of this work is therefore 
to investigate:-
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(1) The direct effects of carbon monoxide on the morphology 
of the intimal-subintimai layers of the arterial wall.
(2) The interrelating effects of carbon monoxide and 
cholesterol on the pathogenesis of atherosclerosis.
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EXPERIMENTAL STUDIES
I Materials and Methods
a. Animals
The experiments were carried out on rabbits. These 
animals were selected because of their frequent use for 
atherosclerosis studies, together with pigs, non-human 
primates (rhesus monkeys, squirrel monkeys and cebus 
monkeys),rats,birds and dogs . These animals possess 
certain properties and so have been selected as ideal models 
for atherosclerotic studies. These properties include the 
possible rapid induction of atherosclerosis (within six 
months); the animals should preferably be large enough to 
get sufficient tissues for multiple studies, and preferably, 
should be in plentiful supply, inexpensive and easy to house 
and feed. The lesions produced experimentally should 
closely resemble, morphologically and biochemically, those 
of the human (Scott et al. 1971). Rabbits are among those 
animal models, which satisfy at least a large proportion of 
these requirements. In addition, rabbits were used to 
reproduce the work of Astrup and his colleagues.
The rabbits, used in these experiments were New Zealand 
White/California Cross and were always purchased from the 
same source (Goodchild Bros., Sussex, England) at 3 to 4 
months of age and 1.7 to 3.3 kg. This range of weights is 
consistent with animals of this age. Crary and Sawin (1960) 
have sho;vn that the distribution of weight is very high - at 
three to four months of age the range being 1.6 to 3.1 kg(n=22)
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For morphological studies the animals were divided 
randomly into two groups (experimental and control) (see 
section II, 1). For serum cholesterol studies (experiment 1)
the animals were divided into matched pairs (control and
experimental) on the basis of their initial serum cholesterol
(see section II, 2 (b,l). In experiment 2 of the serum
cholesterol study the animals ^ ere divided into two groups 
(control and experimental) in order to give a matched group 
average in initial serum cholesterol (see section II , 2 (b,2))
b . Animal acclimatization
Before starting the experiments, all the tabbits, after 
they had been bought, were left two weeks for acclimatization 
to the food and the place, during which they were fed only 
normal standard rabbit pellets (st.RP R14, The Christopher 
Hill Group Ltd., Poole, England) and water ad libitum.
c . Feeding diet during the experiments
During morphological studies, the rabbits were fed 
st.RP R14 and water ad libitum, while during blood cholesterol 
studies the rabbits were fed 150 grams a day of the same 
st RP R14 impregnated and covered with 2% cholesterol (BDH 
Poole, England). The 2% cholesterol was prepared by dis­
solving 400 grams of crystalline cholesterol in 4 litres of 
chloroform, pouring the solution on 20 kilograms of st.RP R14 
in a large shallow pan, mixing and allowing to evaporate in 
a fume-cupboard overnight. These 2% cholesterol pellets 
were prepared and stored at room temperature one week before 
starting feeding.
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d. Method of exposure to CO
Throughout the experiments, the rabbits were exposed 
to 200 p.p.m. CO in an airtight exposure chamber which was 
made of Dexion Speedframe (Dexion Ltd) and glazed with 3mm 
perspex sheets. The perspex was held in the frame using 
"Dexion" glazing strip. The floor of the chamber was made 
of a single sheet of plywood, fitted to the speedframe' and 
covered inside with polyvinyl chloride (PVC) floor covering. 
The edges between the floor and sidewalls were sealed with 
black "Bostik" sealing compound. The front of the chamber 
was made from a wooden door sealed with polyurethane varnish. 
The door was sealed in the closed position by |" thick by 1"
wide neoprene foam rubber sealing strip stuck to the door
and to the chamber frame. The door was hinged to allow 
entry to the chamber; also the door was fastened to the frame 
with four window-latch type screw fasteners. The chamber 
size was 71 cm. wide, 122 cm. long and 220 cm. high, and 
housed four rabbits cages, mounted one above the other on a 
tabular frame. The chamber was opened only once a day for 
feeding and cleaning purposes (Figure 3).
During the exposure,. CO was supplied by 4,500 litre 
(210 cu ft at 1,000 psi) cylinder (Figure 4a) of pure CO 
(Air Product Ltd.) kept for safety outside the building.
This cylinder was fitted with apressure reduction valve which 
reduces the pressure to 5 psi. (Figure 4b); CO at this
pressure was led from outside the building by means of
Figure 3. The exposure chamber with some of 
the gas controlling and mixing 
apparatus beside.

Figure 4* CO cylinder (a) .with pressure
reducing valve which reduces the 
pressure to 5 psi (b). The low 
pressure CO is led to inside the 
building via the tube (c).
Figure 5. CO controlling and mixing apparatus.
CO at 5 psi is led from outside 
the building via tube (a) to the 
second stage reduction valve (b)
.which reduces the pressure to 10 cms. 
H2O measured by water manometer 
(c). The gas at this pressure 
passes to the flow meter (d) and 
mixes with air in the air blower (e) 
which delivers the gas to the chamber 
via the tube (f). Tube (g) is a 
sampling tube from the gas inlet of 
the chamber for monitoring the chamber 
inlet CO concentration.
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small-bore copper tube (Figure 4c) to another reducing 
valve M'30-HG (BOG Ltd.) (Figure 5b) which was set to
reduce the pressure further to 10 cm water gauge. This
was read on a simple U-tube water manometer "C". CO at
this pressure passes through a flowmeter, e.g. Gapmeter "d"
(Gaplaton Ltd., England), by which we can measure the flow
rate of the gas into the chamber. CO then was led, at a
predetermined rate (40 cc/min) into the fresh air stream
from a discus centrifugal blower "e" (Watkins and Watson
Ltd.). This type of blower is a 4.2 cu ft/min (118 litre/
min), and produces a high flow at low pressure. The mixed
gas was then pumped into the chamber at floor level, at the
rear of the chamber, through a 3.8 cm ID, 5 cm OD tubing,
which offered negligible resistance to the flow (Figure 5f),
An outlet tube, mounted at the top of the chamber at 
the front, was of large diameter (9cm internal), so that no 
pressure greater than atmospheric existed in the chamber. 
The effluent tube was led into the forced ventilation 
system of the animal house, which expelled the waste gas 
to the outside of the building.
For continuous monitoring of CO concentration within 
the chamber, a nylon tube (Figure 6g) was led from the 
inlet gas stream and another tube (Figure 6d) from the out­
let gas stream to the inlet side of a diaphragm pump 
(Charles Austen Ltd., England) (Figure 6c). A two-way tap 
arrangement made it possible to sample from either of these
Figure 6. Gas monitoring equipment
(a) Hartmann and Braun URAS-2 
infra-red gas analyser.
(b) Smiths ’Servoscribe ’ potentio- 
metric recorder.
(c) Charles Austin diaphragm pump 
drawing a continuous sample from 
either the chamber outlet yia.tube (d) or 
from the air inflow via tube (g)
and passing it through a silica 
gel dryer (e) into the gas analyser
(a).
(f) Cylinder of calibrating gas.
a
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two sources (inlet gas stream and outlet gas stream). The 
outlet of the pump was fed through a silica gel.water 
absorber (Figure 6 e) into infra-red gas analyser URAS-2 
(Hartmann and Braun) (Figure 6 a). This gas analyser 
measures. CO with an accuracy of t 5 p.p.m. and its calibration 
was achieved using two standard gases of known composition, 
200 and 400 p.p.m. (- 5%) (Rank Precision Industries Ltd.) 
and zeroing on pure O 2 (tolerance 0.5 p.p.m. CO), e.g. by 
setting zero and 400 p.p.m., with the zero again, 200 p.p.m. 
control read 200 p.p.m. - 5 p.p.m. demonstrating the 
linearity of the response over the calibrated range. The 
diaphragm pump was checked for leakage by applying a gas of 
known analysis to the inlet, and checking that the outlet, 
fed into the gas analyser, read the same concentration.
The output from the analyser was fed on to a 'Servoscribe’ 
potentiometrie recorder (Smiths Industries Ltd.) so that a 
continuous record of CO concentration could be kept if 
necessary (Figure 6 b).
The chamber was initially checked for leakage in its 
construction by filling it with a high concentration of CO, 
and probing with a tube attached to the pump supplying the 
gas analyser. Minute leakage was easily detected by de­
flection on the gas analyser. Small leakage, occurring 
between the joints of the speedframe and between the pers­
pex and frame, was detected and sealed with black "Bostik" 
sealing compound.
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With four rabbits housed in the chamber, the O 2 
concentration measured at the outlet with a Servomex 0 2 - 
analyser was never seen to deviate from 20.93%, CO2 con­
centration (measured with the Hartmann and Braun URAS-2 
infra-red gas analyser) of between 0.03 and 0.1% and 
relative humidity of between 40 and 60% were measured in 
the chamber. A noise level bf 50 dbA was measured inside 
the chamber (Dawe Soundmeter). This was largely created 
by the sound of the air blower and turbulence of the in­
flowing air. The entire chamber, being of perspex, 
allowed normal room lighting to penetrate it.
In order to avoid ecological differences, which might 
have effects on this study, the control rabbits were put 
in a control chamber which was exactly the same as the 
exposure chamber, except that the control chamber was not 
connected with CO gas, but instead, it was connected with 
an airblower to blow normal air inside the control chamber. 
Like the exposure chamber, the control one was also supplied 
with an outlet 9 cm (internal diameter) tube leading into 
the ventilation system of the building.
e . Measurement of COHb.
The method used for measuring COHb was that described 
by Commins and Lawther (1965). The principle of the method 
is that a sample of capillary blood is diluted in 0.04% 
ammonia solution and divided into two parts, one of which 
is used to fill a stoppered spectrophotometer cell and put
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in the sample beam of a dual beam spectrophotometer, the 
other part is bubbled with 0^ to convert any COHb to O^Hb 
and put in the reference beam so that the optical density 
(OD), which the instrument records at suitable wave lengths, 
is the difference between the absorbance of the COHb and 
that of the equivalent amount of 0 2 Hb; this is related to 
the quantity of COHb in the Untreated sample. In order 
to calculate this as a proportion of the total Hb present, 
the difference between the absorbances of the oxygenated 
sample at two different wavelengths (the wavelengths of 
minimum and maximum absorbance of 0 2 Hb) with the oxygenated 
sample in the sample beam read against air in the reference 
beam was also taken.
Method.- Blood sample is taken from a good ear prick into a 
heparinised capillary tube (approximately 1 mm bore). Unless 
this is measured immediately, the capillary tube is plugged 
at either end with silicone putty and placed in the dark.
For analysis, a 0.8 cm length of the capillary (or 0.01 ml 
blood)is cut off and dropped into a 1 0  ml specific gravity 
bottle filled to the top with 0.04% ammonia.
The ammonia solution is made freshly each time (day) 
and is prepared by adding 0.4 ml of 0.880 specific gravity 
ammonia solution to 1 litre of distilled water, which has 
previously been either bubbled for at least 15 minutes 
with pure nitrogen or boiled to get rid of O 2 and kept in 
an air-tight bottle.
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After the blood sample has been dropped into the specific 
gravity bottle, the top is reinserted so that no air is en­
trapped and the bottle is shaken until the blood has comple­
tely dissolved. The consequent dilution of the blood in 
ammonia is about 1 in 1,500. However, there is an upper 
limit to the concentration directed by the spectrophoto­
meter in use. This limiting value has to be determined by 
a calibration of the spectrophotometer in use. A stoppered 
1 cm spectrophotometer cell is filled to capacity with the 
blood solution and the stopper reinserted so that no air 
is entrapped. About 1.5 ml of the remaining solution is 
placed into a second matched spectrophotometer cell and O 2 
from a cylinder is bubbled through it at a rate of about 
75 ml per minute for 5 minutes.
This oxygenated sample is placed in the sample beam 
of the spectrophotometer and the optical density is read, 
against air at 575 and 559 nM. The difference in 
absorbance between these two wavelengths is designated "d". 
Then the oxygenated solution is placed in the reference 
beam and the stoppered cell, containing the untreated sample, 
is placed in the sample beam and the OD is then read at 
414, 420 and 426 nM. 420,2 nM is near the maximum of a 
COHb curve and 41.4, 426 nM are points on the sloping base 
line of the curve. The optical height for COHb (designated 
"h") is calculated by subtracting the mean of the optical 
density at 414 and 426 nM from the optical density at 420 n M , 
h = 420 —  In order to calculate the result
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and to apply in the following formula % COHb = 100 ^
it is still needed to determine "do" and "ho" (spectro­
photometer constants) which will be found out by calibrating 
the spectrophotometer in use.
f. Taking blood samples and killing the rabbits
After finishing the experiments, blood samples were 
taken from the marginal ear veins of the rabbits for COHb 
and cholesterol analysis and after taking the weights, the 
rabbits were killed by either intra peritoneal injections 
of nembutal (Sodium pentobarbitone) (Abbott Laboratories 
Limited) or cervical fracture.
g . Preparing the arterial tissue for light microscopy 
(LM) investigation
1. Atherosclerotic morphological investigation:- 
After sacrificing the rabbits, the thorax was opened, 
a cannula immediately inserted into the left ventricle and 
I litre of 4% glutaraldehyde fixative (with 0.1 M Cacodylate 
buffer and pH 7.4) was infused slowly by applying 100 mm Hg 
pressure, after a cut has been made in the common iliac 
artery to let the fixative out. This in situ fixation, 
which took between 15 and 20 minutes, was done to prevent 
post-mortem changes. Thereafter the heart and the aorta, 
from its beginning at the heart up to the common iliac 
artery, were excised. The left and right coronary
arteries, with cardiac muscles around them and specimens 
about 1 cm long from the descending aortic arch (before the 
first intercostal arteries), thoracic part of the aorta (at 
intercostal level), abdominal aorta, renal arteries and
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common iliac arteries were cut and put again in the same 
fixative (4% gluteraldehyde), for one day or more. They 
were then wax embedded. Sections (4-5y in thickness) were cut 
with a rotary microtome(Baird & Tatlock, London Ltd.), stained 
.'with haematoxylin-eosin or Verhoeff-Van Gieson stain (Culling 
1974) and examined and photographed by photomicroscope 
(Carl Zeiss, Germany). These examinations were performed 
on coded samples and could not be identified as control 
or experimental sections at the time of examination.
2 . Histochemical cholesterol-assessment in the aortic wall
At the end of the cholesterol feeding experiment 
(section II,2(bl)), the rabbits were sacrificed and few 
specimens (4mm long) were taken from the thoracic part of 
the aorta, fixed in glutaraldehyde, as mentioned previously, 
frozen in liquid CO2 (Air Product Ltd.), and 8 y thickness 
sections were cut with Crystat (Slee, London), dried, 
stained for cholesterol using Okamoto et al.b method (1944) 
and examined b l i n d l y  immediately under photomicroscope 
(Carl Zeiss, Germany) and colour photographic slides were 
taken.
h. Preparation of the arterial tissue for transmission
electron microscopy (TEM)
After sacrificing the rabbits, parts of the thoracic 
aorta specimens, which were taken for light microscopy 
studies, were taken for transmission electron micrography 
examination and prepared as follows : -
1. After fixation in 4% glut raldehyde (buffered with 0.1
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M Na-cacodylate to pH 7.4) for 2 to 3 hours, samples were 
washed in physiological saline or 0.1 M Na-cacodylate buffer 
pH 7.4 for 2 hours (3 changes), post-fixed in 1 % osmium 
tetroxide (buffered with veronal acetate to pH 7.4) for 
1 hour at 4°C, and rinsed in veronal acetate buffer twice.
2. Dehydration in acetone as follows : -
70% acetone for 30 minutes 
90% acetone for 30 minutes 
100% acetone for 30 minutes 
100% acetone for 30 minutes.
3. Infiltration by vestopal W (polyester resins) (Polaron 
Instrument Ltd.) as follows : -
Acetone/Vestopal W 3/1 30-60 minutes
Acetone/Vestopal W 1/1 30-60 minutes
Acetone/Vestopal W 1/3 30-60 minutes.
4. Embedding and polymerization
either Vestopal W + catalyst (1% BP or TBP + 0.5% CN) 
(see key to abbreviations for full description) 
at 60°C for 24 hours.
or Vestopal W + catalyst (benzoin 0.3%) at room
temperature under UV (350ym) for 22 hours.
BP and TBP are initiators and CN is an activator (BDH and
Taab Laboratories, respectively).
Embedding and polymerization were carried out in poly­
ethylene capsules (Taab capsules) (Glauert 1975, Weakley 
1972).
5. Cutting, staining and examining the sections by TEM
Ultrathin sections (approximately 500-900/P ) for TEM 
were cut with a glass knife on an LKB.l or C. Reichert, Austria/
64
0MU3 ultramicrotome and mounted on naked copper grids(3.05 mm 
diameter and 400 or 300 mesh). The sections were doublé 
stained with uranylacetate followed by Reynold’s lead citrate 
Weakley 1972), then coated with a supporting thin carbon 
film ( Nunn 1970, Weakley 1972), using Edwards
apparatus for carbon and metal film preparation and examined 
blindly under TEM (Jeol/Jem lOOB). Negative electron micro­
graphs were obtained using ILFORD 6,5 x 9 cm plates, which 
were processed and printed on photographic papers (grade 2 or 
3) in the darkroom.
i. Method of measuring serum cholesterol
5 ml of blood were taken from the marginal ear-vein, 
placed in centrifugal tube and after clotting, the serum was 
separated at 2000 rpm for 5 minutes, using centrifuge type 
UJI (Griffin and George Ltd.), Serum cholesterol was 
analysed using the FeCl3 method as described by Rudel and 
Morris (1973) as follows : -
1 . 0 . 1  ml serum, 0 . 1  ml distilled water and 0 . 1  ml standard 
solution were taken in 3 separate,, stoppered, approximately 
2 0  ml, test tubes ^ used as sample, blank and standard 
respectively. To all these tubes were added the following : -
2. 0.3 ml of 33% (w/v) KOH.
3. 3 ml of 95% ethanol.
4. These were then mixed thoroughly, stoppered and placed in 
60°C water-bath for 15 minutes.
5. After cooling, 10 ml of hexane was forcibly added to the 
tubes to mix with the lower layer.
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6. 3 ml of distilled water was added, and the tubes were 
capped and shaken for one minute to ensure complete mixing.
7. After this (saponification and extraction), appropriate 
aliquots (1 ml) of the hexane layers were pipetted into
10 ml test tubes and the solvent (hexane) was evaporated 
in a water-bath (50°C) under a stream of nitrogen.
8. 1.5 ml of FeCl3 work solution was added to the residue.
9. After thoroughly mixing, the solutions were allowed to 
stand for 10 minutes.
10. Then 1 ml of concentrated sulphuric acid was added, the 
solution was mixed and placed in the dark.
11. After 45 minutes, adsorbances were determined at 560 nm 
against the blank,using a Beckman DB-GT grating spectrophoto­
meter.
Calculation of the results
The results were calculated by applying in the following 
formula : -
mg cholesterol/100 ml = 
optical density (OD) of sample
optical density (OD) of standard
X concentration of standard X 100
To determine the accuracy of the method, 12 samples of 
rabbits’ serum were sent to the Clinical Chemistry Department 
at St. Luke’s Hospital, for cholesterol analysis, for compa­
rison with the present method. The method employed in 
St. Luke’s is Autoanalysis (Roschlau. et al. 1974). The 
results are shown below.
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St. Luke’s Hospital results The present method results
Mean (mg/lOOml) SD Mean (mg/100ml) SD
41.28 22.77 44.32 21.86
j. Method of measuring cholesterol in the aortic wall
After the rabbits had been sacrificed, as mentioned 
previously, the aorta from its beginning at the heart up 
to 1 cm below the diaphragm, was removed, opened and 
carefully cleaned with physiological saline, after the out­
side layer (adventitia) was carefully removed, the aorta 
blotted, weighed and cholesterol analysed, using the FeCls 
method as described by Rudel & Morris (1973), which was 
used for serum cholesterol determination. With the exception 
of the aorta where saponification must be for one hour in­
stead of 15 minutes as in the case of the serum, otherwise 
the whole procedure is the same for serum or aortic choles­
terol determination.
Calculation of results
mg cholesterol/lgm of wet aorta = 
OD of samnle
OD of standard
X concentration of the standard
k. Method of measuring High Density Lipoprotein-cholesterol 
(HDL-cholesterol) in serum
67
After serum separation, HDL-cholesterol was determined
using the method of Lopes-Virella et al. (1977). The
principle of this method is that HDL-choiesterol is measured
in serum after low density Lipoproteins (LDL) and VLDL have
+2
been precipitated with sodium phosphotungstate and Mg 
The procedure was as follows : -
1. 2 ml of serum was taken in centrifuge tube.
2. 200yl of a sodium phosphotungstate solution ((this was 
prepared by dissolving 40 gm of phosphotungstic acid in 
litre of a mixture of NaOH (1 mol/litre) and distilled 
water (16/84 by volume) ) and 50yl of MgClz (2 mol/litre) 
were added.
3. Mixing in a vortex-type mixer and centrifugation at 
1500 Xg at 4*^ C for 30 minutes (MSB Mistral 2L England) .
4. Then cholesterol was determined in the supernate using the 
method of Rudel & Morris (1973) as described previously.
This quantity of cholesterol is HDL-cholesterol. LDL +
VLDL-cholesterol was estimated from the relation:
LDL + VLDL-cholesterol = plasma total cholesterol-HDL cholesterol
(Friedewalde et al. 1972).
II Experiments
1. Morphological studies
In this study, 34 rabbits were used. All were acclima­
tised for 2 weeks in the chamber before starting the experi­
ments. During the acclimatisation period, 2 rabbits died 
(the cause of death was not established). After the 
acclimatisation the rest (32 rabbits) were weighed, and
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randomly divided between controls and expérimentais. The 
expérimentais were exposed to 200 p.p.m. CO and the controls 
left in the control chamber for the following periods: 4 hours, 
24 hours, 3 days, 7 days or 14 days. During these experiments 
all rabbits were fed st.RP R14 and water ad libitum as mentioned 
previously. At the end of each period equal numbers of control 
and experimental rabbits were taken out, blood samples for 
COHb determination were taken immediately, and the rabbits 
weighed, killed and the arterial tissues were processed for 
light and transmission electron micrography investigations 
according to the procedures described.
2. Serum and aortic wall cholesterol studies
a . Effect of CO on serum cholesterol level in normally-fed 
rabbits : To investigate the effect of CO on serum cholesterol 
level in normally-fed rabbits, blood was taken from 16 rabbits 
used for morphological studies, before and after 3 and 14 days 
of exposure. 8 Rabbits were used (4 controls and 4 expéri­
mentais) for 3 days and another 8 rabbits (4 controls and
4 expérimentais) for 14 days (Tables 12.1 and 12.2). Weights 
and blood were taken before and after the exposure, COHb% and 
cholesterol were determined, using the method of Commins and 
Lawther, and Rudel and Morris respectively. The rabbits were 
fed normal st.RP R14 and water ad libitum only. The effect of 
CO on serum cholesterol level in these rabbits was measured 
as an interesting addition.
b . Effect of CO on serum cholesterol rate of removal in 
2% cholesterol-fed rabbits.
1. In one study, 10 rabbits were used and after acclima­
tisation for two weeks, the rabbits were weighed and the
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feeding of 150 gm of pellets containing 2% cholesterol a day 
for 2 weeks was commenced. After 2 weeks of feeding 2% 
cholesterol, the rabbits were weighed and blood taken for 
cholesterol determination. They were then stopped choles­
terol feeding (fed with normal pellets) and divided into 
matched pairs (5 control and 5 experimental rabbits) according 
to their initial serum cholesterol levels. After 2 days, 4 
days, 6 days, 8 days and 11 days of exposure, 2 rabbits 
(one control and one experimental) were taken out each time, 
blood taken for COHb% and cholesterol analysis,weighed and 
killed for biochemical and few histochemical aortic wall 
cholesterol analysis (Tables 13, 14 and Figures 58, 59).
2. In another study, 16 rabbits were used and after 
acclimatisation for two weeks were weighed and blood taken 
for cholesterol analysis. After 15 days on 2% cholesterol 
feeding they were weighed again and blood taken for choles­
terol and HDL-cholesterol analysis. They were then stopped 
cholesterol feeding (fed with normal pellets) and divided 
into 8 control and 8 experimental ones, according to their 
average serum cholesterol levels and exposed for 8 days, 
after which they were removed, blood taken for COHb%, 
cholesterol and HDL-cholesterol analysis; they were killed 
and their aortic wall cholesterol determined (Tables 15, 16, 
and 17).
Statistical Methods
The following non-parametric statistical methods were
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used to analyse the present results.
* Wilcoxon test was used when comparing between initial
and final measurements of control or experimental rabbits, 
and number of rabbits is greater than 6 in each group 
(experimental and control).
* Mann-Whitney test was used in the following cases:
(a) when comparing between final measurements of control 
and experimental rabbits;
(b) when comparing between initial and final measurements 
of control or experimental rabbits, when number of rabbits 
in each group (experimental and control) is 4.
* Spearman Rank correlation test was used to test the 
correlation between serum cholesterol and tissue cholesterol
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RESULTS
1. COHb %
Mean COHb value at the end of the exposure was 21.93 - 
3.82% in the exposed group and 1.63 - 0.97% in the control 
group (p < 0.001).
2. CO and rabbits' body weight
The mean body weight of the rabbits which were used for 
the morphological studies, increased slightly but not
significantly (p > 0.1) during exposure to CO or 
normal air for 3, 6 and 14 days (Tables 9.1, 9.2 and 9.3). 
During serum cholesterol study, also 8 days of exposure to 
CO or normal air, after changing the diet of the animals 
from 2% cholesterol diet to normal diet, did not change the 
weight of the animals significantly ( p > 0.1)(Table 9.4),
3. Morphological results
In order to investigate the effect of CO on the arterial 
wall, the morphological appearance of- sections of 
the coronary arteries, the arch, thoracic, and abdominal 
parts of the aorta and common iliac arteries of the control 
rabbits were examined carefully. The morphological appearance 
of these control sections was considered as the base on which 
the experimental sections were assessed and whether or not CO 
could affect a morphological change in experimental rabbits. 
In all subsequent examinations the sections were examined 
without reference to the origin of the specimen (blind 
examination).
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A. Light 'microscopy (LM) of control section
a . Coronary artery About 100 sections were examined 
from each specimen after each period (4 hr, 24 hr, 3 days,
7 days and 14 days) and the following observations were 
recorded. In the majority of coronary artery sections 
(small, middle and large size), the lumens of the arteries 
appeared clear and normally opened without narrowing or 
abnormal protrusion of the intima inside the lumen (Figure
7), with the endothelial cells forming a continuous lining 
of the luminal surface of the wall (Figure 8). In the 
majority of coronary arteries sections the endothelial 
layers were observed lying directly on the internal elastic 
lamina (lEL)without asubendothelial layer (SEE) (Figure 8).
The lEL was noted as a' continuous layer with occasional 
fenestration&in some places (Figure 8).
b. Aorta
1. Arch After looking at these sections the following 
morphological appearance s were seen. The lumens of all 
sections appeared clear and completely opened without any 
abnormal intimai protrusion into the lumen. The endothelial 
cells forming a continuous lining of the luminal surface of 
the wall (Figure 9), but in some sections, this continuous 
lining was broken in some places with the endothelial cells 
absent. In the majority of sections there were SEL separa­
ting the endothelial cells from the lEL with connective tissues 
and irregularly nucleated cells between (Figure 9).The lEL was 
noted as a continuous layer whichwàs fenestrated in places
Key to Abbreviations used in the figures
b.m.l.m. Basement membrane like material
c. Collagen
e . Elastin
e.c. Endothelial cell
e.l. Elastic lamina
e.p. Endothelial process
f. Flap
g.m. Granular material
g.p.m. Granular plasma material
i.c.j. Intercellular junction
i.e.l. Internal elastic lamina
1. Lumen
m. Media
m.c. Muscle cell
m.s.m.c. Medial smooth muscle cell
n. Nucleus
p. Platelet
r.b.c. Red blood corpuscle
S.C.Os Subcellular organelles
s.e.l. Subendothelial layer
s.m.c. Smooth muscle cell
s.m.l.c. Smooth muscle like cell
V .  Vacuole
Figure 7. TS of control coronary artery (14 days) 
with clearly opened lumen. H&E. X63
(Light microscopy)
Figure 8. TS of control coronary artery (14 days) 
with the endothelial cells lying on the 
lEL without SEL between. H&E. X512 
(Light microscopy)
%. r
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Figure 9. TS of control aortic arch (14 days) 
with continuous lining of ECs, and 
SEL containing connective tissue 
and elongated cells. H&E. X400 
(Light microscopy)
Figure 10. TS of control aortic arch (14 days) 
illustrating SEL and lEL. Verhoeff- 
Van Gieson. X400 (Light microscopy)
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(Figure 10). The tunica media was seen as an elastic tube; 
around the tunica intima and was composed of alternating 
layers of smooth muscle cells and elastic lamellae which were 
broken in places (Figures 9 and 11).
2. Thoracic. It was observed in the thoracic aorta 
that in some of the sections, the endothelial cells were 
noteid lying directly on the lEL without SEL between 
(Figure 12), but in other sections, a narrow layer between 
the endothelial cells and the lEL was seen,in which there 
were some cells and connective tissue (Figure 13). The 
lEL was seenasa continuous layer which was fenestrated and 
duplicated in places (Figure 14).
3. Abdominal. In the majority of abdominal aortic sections, 
the endothelial cells were noted lying on the lEL without
SEL, but in some sections thé SEL was observed between the 
endothelial cells and the TEL (Figure 15). However, no 
abnormal intimai protrusion toward the lumen was observed 
in these sections. The lEL was noted as a continuous single 
or duplicated layer (Figure 16).
c. Renal artery.
It was found to be difficult and very rare to find SEL 
in all sections which were examined. The endothelial cells 
in these sections were seen lying directly on the lEL, with 
clear opened lumen without any abnormal protrusion of the 
intima inside the lumen and with very little lEL frag­
mentation (Figures 17 and 18).
Figure 11. TS o£ control aortic arch (14 days)
illustrating medial elastic lamellae. 
Verhoeff-Van Gieson. X400 (Light 
microscopy)
Figure 12. TS of control thoracic aorta (14 days) 
with the ECs layer lying on the lEL 
without SEL between. H&E. X400 
(Light microscopy)

Figure 13. TS of control thoracic aorta (14 days) 
illustrating a narrow SEL between the 
lEL and the ECs. H&E. X400 (Light 
microscopy)
Figure 14. TS of control thoracic aorta (14 days) 
illustrating the lEL and medial elastic 
lamellae. Verhoeff-Van Gieson. X400 
(Light microscopy)
<p
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Figure 15. TS of control abdominal aorta (14 days) 
illustrating the ECs,the lEL and SEL 
between. H&E. X400 (Light microscopy)
Figure 16. TS of control abdominal aorta (14 days) 
illustrating duplication of the lEL, 
and elastic lamellae of the media. 
Verhoeff-Van Gieson. X400 (Light 
microscopy)
fi
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Figure 17. TS of control renal artery (14 days) 
without SEL separating the ECs from 
the lEL. H&E. X400 (Light microscopy)
Figure 18. TS of control renal artery (14 days) 
illustrating the lEL. Verhoeff- 
Van Gieson. X400 (Light microscopy)
&
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d. Common iliac artery
In the majority of the common iliac artery sections 
the endothelial cells were noticed lying directly on the 
lEL without SEL between the endothelial cells and the TEL 
(Figure 19). Also, in all common iliacs artery sections a clear 
opened lumen was noticed without abnormal intimai protrusion 
inside the lumen. The lEL was\ noted -as a continuous layer 
with occasional fenestrations in some places (Figure 20).
B. Comparison of control and Experimental .sections by 
light microscopy
Control and experimental sections were examined 
blindly and detailed notes of the appearance of the 
intima and sub-intima were taken. The different parts 
of the arterial tree were examined (i.e. coronary artery, 
arch of aorta, thoracic and abdominal aorta, renal artery 
and common iliac artery) after different periods of exposure 
(4 hr,,24 hr, 3 days, 7 days and 14 days)to 200 p.p.m. CO .
No differences could be detected which could distinguish 
between control and exposed animals. The descriptions of 
the morphology of the intima and sub-intima are as given in 
the preceding sections. Figures 7 to 33 are examples of sect­
ions stained with" ’ haematoxylin-eosin or Verhoeff-Van Giesonstain* 
from both control and exposed animals.
C. Transmission Electron microscopy (TEM) of the .tho.racic 
aorta of control animals
As in the case of light microscopy, the control sections
Figure 19. TS of control common iliac artery (14 days) 
illustrating the ECs lying on the lEL 
without SEL between.H&E. X400 (Light micros 
copy)
Figure 20. TS af control common iliac artery (14 days) 
illustrating the lEL. Verhoeff-Van Gieson. 
X400 (Light microscopy)
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Figure 21., TS of experimental coronary artery 
(14 days) with clearly opened lumen 
H&E. X100.8 (Light microscopy)
Figure 22. TS of experimental coronary artery 
(14 days) with ECs lying on the lEL 
without SEL between. H&E. X640 
(Light microscopy)
t7 ^
Figure 23. TS of experimental aortic arch (14 days) 
illustrating the continuous lining 
of ECs, SEL and medial alternating 
layers of SMCs and elastic lamellae.
H&E. X400 (Light microscopy)
Figure 24. TS of experimental aortic arch (14 days) 
illustrating the lEL and medial elastic 
lamellae. Verhoeff-Van Gieson. X400 
(Light microscopy)
Figure 25. TS of experimental thoracic aorta (14 days) 
with the ECs lying on the lEL without SEL 
between. H&E. X400 (Light microscopy)
Figure 26. TS of experimental thoracic aorta (14 days) 
with a narrow SEL between the ECs and the 
lEL. H&E. X400 (Light microscopy)
? 6
Figure 27. TS of experimental thoracic aorta (14 days)
illustrating the lEL and the elastic lamella< 
of the media, Verhoeff-Van Gieson. X400 
(Light microscopy)
Figure 28. TS of experimental abdominal aorta (14 days) 
with the ECs, lEL and SEL between. H&E. X40 
(Light microscopy )

Figure 29. TS of experimental abdominal artery (.14 days 
illustrating the lEL and the elastic lamella 
of the media. Verhoeff-Van Gieson. X400 
(Light microscopy)
Figure 30. TS'of experimental renal artery (14 days) 
illustrating the ECs lying on the lEL 
without SEL between. H&E. X400 (Light 
microscopy)

Figure 31. TS of experimental renal artery (14 days)
illustrating the lEL. Verhoeff-Van Gieson, 
X400 (Light microscopy)
Figure 32, TS of experimental common iliac artery (14 
days) with, the ECs lying on the lEL without 
SEL between. H&E. X400 (Light microscopy)
x ? . f. A  * : ; W
Figure 33. TS of experimental common iliac artery 
(14 days) illustrating the TEL. 
Verhoeff-Van Gieson. X400 (Light 
microscopy)
Figure 34. Micrograph of control thoracic aorta with 
the ECs forming a continuous lining of the 
arterial wall and lying on the lEL with a 
very narrow SEL, all intercellular junctions 
are closed with the endothelial flaps pro­
truding forward the lumen (3 days). X6000
(Electron microscopy)
^  A V.~
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of the thoracic part of the aorta (about 200 sections from 
each period of exposure) were first examined carefully 
with TEM to understand the normal ultrastructure of the 
thoracic part of the aorta, and subsequently, 
to compare blindly the experimental sections. Only low 
power TEM was employed. In the control sections the 
following were observed.
In the majority of the control sections, the endothelial 
cells formed a continuous lining of the luminal surface 
of the wall (Figure 34). In some sections, however, the 
endothelial cells were completely missing (denuded)
(figure 35) although sometimes just parts of the endo­
thelial cells were absent. In other cells, the plasma 
membranes were degenerated and the, cell inclusions were 
opened to the lumen (Figure 36). The intact endothelial cells 
in these sections were elongated cells with,irregular, large, 
elongated and hetero chromatin-rich nuclei which protruded 
more or less into the lumen. The cells were swollen or 
flattened, depending on the shape of the nuclei. These cells 
joined by contact of their plasma membranes forming 
what is called cell-junctions, at which microvilli-like 
processes (flaps) protrudedfrom the endothelial cells to­
ward the lumen (Figures 34 and 37). No cell-junctions 
were observed opened, but degeneration of some endothelial 
cells, near to the cell-junctions was observed in some 
sections (Figure 38). Large vacuoles were sometimes seen 
inside the endothelial cells (Figures 40 and 41). No intact 
basement membranes for the endothelial cells were noticed
Figure 35. Micrograph of control thoracic aorta with 
denuded ECs except one EC still attached 
to SEL; note the SMC of the media extending 
with cytoplasmic processes toward the de­
nuded ECs (14 days). X4800 (Electron
microscopy)
Figure 36. Micrograph of control thoracic aorta with 
degenerated plasma membrane and the ECs 
are opened toward the lumen (3 days). 
X10800 (Electron microscopy)
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Figure 37,. Micrograph of control thoracic aorta with 
SEL containing elongated SM-like cells, 
elastic fibres and collagen; note dupli­
cation of the lEL, also note the basement 
membrane-like material of the ECs, RBC and 
granular plasma material in the lumen 
(24 hr). X4800 (Electron microscopy)
Figure 38. Micrograph of control thoracic aorta with 
opening of EC near to the intercellular 
junction, (arrow). (3 days). X6000 
(Electron microscopy)
$t
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Figure 39, Micrograph of control thoracic aorta
with SM-like cells, granular material, 
elastic fibres and collagen in the SEL 
(24 hr) . X6000 (Electron microscopy)
Figure 40. Micrograph of control thoracic aorta 
illustrating yacuolation of the ECs 
(14 days). X6000 (Electron microscopy)
- ' i - f  ï
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Figure 41. Micrograph of control thoracic aorta 
illustrating vacuolation of the ECs 
(14 days). X4800 (Electron microscopy)
Figure 42. Micrograph of control thoracic aorta
illustrating fragmentation and degene­
ration of the lEL with EC cytoplasmic 
process penetrating the lEL toward the 
media; note RBC and one platelet in the 
lumen (24 hr). X3600 (Electron micros­
copy)
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in any of the sections, but basement membrane-like materials 
were often observed (Figures 37 and 39). Some of the 
endothelial cells were observed extending into the SEL by 
processes (Figures 42 and 43). In the lumen,red blood cells, 
plateletsand granular plasma material were seen lying on 
the endothelial cells in some sections (Figures 37 and 42).
Subendothelial layer (SEL). The endothelial cells in 
these sections were supported by a subendothelial layer of 
appreciable variability in width, which extended from the 
basal plasma membrane of the endothelial cells to the 
luminal aspects of the first thick sheet of elastic tissues 
(inner-most elastic lamella of the tunica media of light 
microscopy). This SEL was made up of branching elastic 
fibres and sparse collagen fibres, embedded in a homogeneous 
ground substance of low density (Figures 39 and 44). 
Spindle-shaped or elongated cells, resembling smooth muscle 
cells, were also seen in this layer (Figure 39). Sometimes 
more than one layer of cells was noticed in the SEL 
(Figures 45 and 46). Each cel] contained a large, 
elongated, irregular heterochromatin-rich nucleus and some 
of the cells extended by processes towards the endothelial 
cells (Figure 39).
Internal elastic lamina (lEL). This appeared as a 
continuous sheet of appreciable thickness, with occasional 
gaps (fenestrations). In some places, it split into two 
elastic laminae occasionally with cells or a number of 
organelles in between (Figures 37 and 47). In some sections,
77
elastic fibres formed a relatively well pronounced 
fenestrated membrane which lay approximately parallel to 
the basal endothelial surface, dividing the SEL into a 
narrow luminal and a wider and deeper part (Figure 43).
Tunica media. This formed an elastic tube around 
the tunica intima and was composed of successive layers 
of smooth muscle cells, alternating with elastic lamellae. 
The smooth muscle cells were long spindle-shaped cells 
with marked indentations or branching of the cytoplasm, 
especially toward the denuded endothelial cells (Figure 35). 
The muscle cells were j oined to each other by the plasma 
membrane at many places or by a bridge-like extension of 
the cytoplasm. The spaces between these muscle cells 
contained a quantity of elastic fibres. Collagen fibres 
were also observed in the intercellular spaces, inter­
mingled with elastic fibres (Figure 48). In some sections, 
smooth muscle cells could clearly be seen penetrating the 
lEL towards the subendothelial layer (Figures 35 and 46).
D. Observation of experimental and control sections
Control and experimental sections were examined blindly 
and detailed notes of the morphological structure were 
taken. It was not possible to differentiate between 
experimental and control sections on the basis of the 
intimai or subintimal morphology. After de-coding the 
micrographs the appearance of the experimental sections 
were described as follows. As can be seen there is no
Figure 43,. Micrograph of control thoracic aorta 
illustrating vacuolation of the ECs, 
cytoplasmic processes from the ECs 
extending toward the SEL; note there 
are two SELs separated by fenestrated 
membrane of elastic fibres (14 days). 
X4800 (Electron microscopy)
Figure 44. Micrograph of control thoracic aorta
with SEL containing elastic and collagen 
fibres and granular materials (14 days). 
X6000 (Electron microscopy)

Figures 45,46. Micrographs of control thoracic aorta
with 2 layers of elongated SM-like cells 
elastic and collagen fibres and granular 
material in the SEL (4 hr). X4800 and 
(14 days). X6000 (Electron microscopy)
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Figure 47. Micrograph o£ control thoracic aorta
illustrating a typical lEL with a narrow 
SEL containing granular material and 
elastic fibres (3 days). X6000
(Electron microscopy)
Figure 48, Micrograph of control thoracic aorta 
illustrating the medial part of the 
arterial wall with alternating SMCs 
and elastic lamellae; note collagen 
and elastic fibres between these cells 
(4 hr). X4800 (Electron microscopy)
;mc
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distinction between this description and that of the control 
sections. In the experimental sections, it was seen that 
the endothelial cells were lying on the SEL in the majority 
of sections (Figures 49 and 50). However, in some sections 
it was noticed that the whole endothelial cell layer was 
completely missing (denuded) with remnants of the cells 
still attached to the SEL (Figure 51). Intact endothelial 
cells contained large irregular nuclei (Figure 52). The 
endothelial cellswere occasionally vacuolated with large 
vacuoles (Figure 53). All the intercellular junctions were 
completely closed in the case of the undegenerated endo­
thelial cells. In the majority of these sections, it was 
seen that the endothelial cells were separated from the lEL 
by a variable width SEL (Figures 52,.54 and 55) and in very few 
sections, the endothelial cells were directly lying on the 
lEL without widened SEL (Figure 49).
In the SEL there were one or two layers of elongated, 
or spindle shaped, cells resembling smooth muscle cells, 
collagen fibres and elastin, similar to those in the control 
sections (Figures 52 and 54). The layer of lEL was single 
thick, continuous (Figure 49), or was fenestrated and broken 
in some places (Figures 50 and 55). Also, in some sections, 
smooth muscle cells fenestrating the lEL into the SEL could 
be seen clearly (Figure 55).
Tunica media. Layers of smooth muscle cells were 
seen alternating with the elastic lamellae. In the spaces 
between these cells there were bundles of collagen fibres
Figure 49. Micrograph of experimental thoracic aorta 
illustrating a typical lEL with the ECs 
lining the arterial wall, and medial layers 
beneath the lEL with SMCs and elastic and 
collagen fibres between (14 days). X4800
(Electron microscopy)
Figure 50. Micrograph of experimental thoracic aorta 
with fenestrated lEL and a narrow SEL with 
part of the media (24 hrs). X6000
(Electron microscopy)
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Figure 51. Micrograph of experimental thoracic aorta 
with degenerated ECs, except some parts of 
these cells still attached to the SEL; note 
RBCs precipitating on the SEL (3 days). 
X7200 (Electron microscopy)
Figure 52. Micrograph of experimental thoracic aorta 
showing ECs with irregular nuclei, and SEL 
with collagen and elastic fibres (14 days). 
X9000 (Electron microscopy)

Figure 53. Micrograph of experimental thoracic aorta 
illustrating vacuolation of the ECs (14 
days). X4800 (Electron microscopy)
Figure 54.. Micrograph of experimental thoracic aorta 
illustrating 2 layers of cells in the SEL 
[24 hrs). X6000 (Electron microscopy)
4 '^- -•^V ^ .•'w ' -»A
Figure 55. Micrograph of experimental thoracic aorta 
illustrating fenestration of the lEL by 
one of the medial SMC (3 days). X6000. 
(Electron microscopy)
Figure 56. Micrograph of experimental thoracic aorta 
illustrating the medial structure with 
SMCs layers alternating with the elastic 
lamellae; note collagen and elastic fibres 
between these cells (3 days). X3600 
(Electron microscopy)
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and elastic fibres, these cells being adjoined to each 
other by plasma membranes or bridge-like extensions of 
the cytoplasm. The latter contact happened between smooth 
muscle cells present in two different layers through 
fenestra of the elastic lamellae. However, no disturbances 
were seen in the layers of the media (alternation of the 
smooth muscle cells and elastib lamellae)(Figure 56).
4. Effect of cholesterol feeding on body weight and serum 
cholesterol
Feeding the rabbits 2% cholesterol (150 grams per day) 
for 14 days significantly increased the body weight of 
the rabbits (p < 0.01) (Table 10, Figure 57). Also, feeding 
the rabbits 2% cholesterol for 15 days, significantly increased 
the mean serum cholesterol level in these rabbits (p < 0.01).
The mean serum cholesterol increased about 20 fold (Table 11, 
Figure 5 7).
5. Cholesterol determination
1. Histo'chemfcally
Feeding rabbits with 2% cholesterol diet for 2 weeks, 
then exposing the animals to CO (200 p.p.m. in air) or 
pure air up to 11 days with normal feeding (without cholesterol), 
showed that the amount and distribution of cholesterol was 
not high enough in the aortic wall to be tested histochemically 
(Figures, 58 and 59). However, it ivas sufficient to be 
analysed chemically (Tables 14 and 16).
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TABLE 11
Serum cholesterol levels before and 
after feeding 2% cholesterol for 
15 days.
Rabbits ’ 
numbers
Initial serum cholesterol 
level (mg/lOOml.)
After feeding 2% 
cholesterol for 
15 days (mg/lOOml
1- 44.4 %^734
2- 44.4 491.566
3- 50.00 2162.651
4- 55.6 424.096
5- 38.9 1221.686
6- 43.9 2413.253
7- 102.8 2680.723
8- 105.6 1668.674
9- 33.3 1155.421
10- 38.3 349.397
11- 44.4 1944.578
12- 43.3 643.:%#
13- 43.3 238.554
14- 44.4 233.132
15- 43.9 89.1#9
16- 42.2 1311.445
17- 88.3 1661.445
Mean - S.D. 53.353-22.466 1104.3411-862.874
p < 0.01
Figure 58, TS of control thoracic aorta stained for 
cholesterol,11 days after cessation of 
14 days of 2% cholesterol feeding (normally- 
fed) , but with continuing air exposure. 
Okamoto et al. Stain X128 (Light microscopy)
Figure 59. TS of experimental thoracic aorta stained
for cholesterol, 11 days after cessation of 
14 days of 2% cholesterol feeding (normally-fe 
but with CO exposure. Okamoto et al. Stain 
XI28 (Light microscopy)
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2. Biochemically
a. CO and serum cholesterol level in normally-fed rabbits
In this experiment it was found that exposing rabbits to
CO for 3 days raised mean serum cholesterol level slightly 
but not significantly (p = 0.1). In the case of the control 
rabbits, it was found that the mean serum cholesterol level 
decreased slightly although not significantly (p=0.06) during 
3 days of the study (Table 12.1, Figure 60). However, two 
weeks exposure to CO raised significantly the mean serum 
cholesterol level in the experimental rabbits from 35.625 * 
7.465 to 52. 321 - 8 .317 mg/100 ml (p = 0.01). In the case of 
the control rabbits, the serum cholesterol level also increased 
although not significantly during 2 weeks of the study, from 
50.938 t 8.061 to 55. 179 ± 12.169 mg/100 ml (p = 0.3) (Table 
12.2, Figure 60).
b. CO and serum cholesterol removal in 2% cholesterol- 
fed rabbits
1. In this experiment 10 rabbits were fed 2% cholesterol 
for 2 weeks, five rabbits then normally fed and exposed to 
CO for up to 11 days. The remaining 5 control rabbits were 
also normally fed and maintained in air up to 11 days. A pair 
of rabbits (one control, one experimental) was sacrificed 
at 2, 4, 6, 8 and 11 days. It was found that the serum 
cholesterol level decreased over this time in both the 
experimental and control rabbits. Examination of the rate 
of removal per day in both groups showed that it was signi-
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ficantly higher in the case of the control rabbits 
than the experimental ones with a mean value of 83.886 - 
52 . 164 mg/100 ml (control) and 34.451 i 23 ,-324mg/100 ml 
(experimental) (p = 0.048). Also, the rate of removal per 
day per initial cholesterol was significantly higher in the 
control than the experimental rabbits (p = 0.028)(Table 13).
When the aortic wall cholesterol in these rabbits was 
analysed, it was found that the mean value was higher al­
though not significantly(p > 0.2) in the experimental 
rabbits than the control ones (Table 14). A significant 
positive relation was found between serum cholesterol level 
and tissue cholesterol in the experimental rabbits (r = 0.9, 
p < 0.05) but not in the control ones (r = 0.3, p > 0.05) 
(Table 14).
2. In the second experiment 16 rabbits were fed 2% 
cholesterol for 2 weeks; the rabbits were then normally fed 
and 8 experimental animals exposed to CO for 8 days and 8 
control ones left in normal air for the same period. It 
was found that after this period, although serum cholesterol 
level had a statistically significant decrease (p = 0.01) 
in the control rabbits, it had increased, but not signifi­
cantly (p > 0.1), in the experimental rabbits (Table 15, 
Figure 61). The mean levels of tissue cholesterol in these 
rabbits was higher in the experimental rabbits than the 
control ones, but not statistically significant (p > 0.3).
In both the control and the experimental rabbits, a good cor­
relation was found between the serum cholesterol level and
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Figure 61', Effect of 8 days CO exposure on serum 
cholesterol rate of removal compared to 
the control rate of removal for the same 
period after 15 days 2% cholesterol feeding
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amount of cholesterol in the arterial wall, which was statis­
tically significant in both cases (r =.0.9, p < 0.01 for 
the experimental and r = 0.7, p < 0.05 for the control)
(Table 16, Figure 62).
3. Looking at high density lipoprotein (HDL)-cholesterol 
levels in the control and the experimental rabbits, shows 
that the HDL-cholesterol decieased significantly in both 
control and experimental rabbits after the same period (8 days) 
Although both level of HDL were reduced significantly,the changes 
in the controls were more significant than in the experimen­
tal animals (p = 0.01 and 0.02 respectively) (Table 17,
Figure 62). In the case of low and very low density lipo- 
proteih-cholesterol (LDL + VLDL) in this group of rabbits, 
it was found that LDL'+ VLDL-cholesterol level was reduced 
significantly in the control rabbits (p = 0.01) while it was found 
to be increased, but not significantly, in the experimental 
group (p > 0.1) (Table 18). So in both groups, LDL + VLDL- 
cholesterol and serum cholesterol results were similar, 
decreasing in the control rabbits and increasing in the 
experimental ones. Looking at the ratio of LDL + VLDL- 
cholesterol to HDL-cholesterol in both groups, shows that 
while it increased significantly in the experimental group 
(p < 0.05), only a small insignificant increase was found 
in the control group (p > 0.1) (Table 19).
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D^ISCUSSION
While some reports cite that epidemiological and patho­
logical studies have linked heavy smoking of cigarettes with 
an increased incidence of atherosclerosis and coronary heart 
disease (Jenkins et al. 1968, Strong et al. 1969, Heliovaara 
et al. 1978, The Roy. Coll. of Phys. 1971, Strong et al. 1971, 
Wald et al. 1973, U.S. Dept, of Health, Education and Welfare 
1974, Wald and Howard 1975, Goldsmith 1969 etc.), others 
conflict with this opinion (Wilens and Flair 1962, Fisher, 
et al. 1974) . Also, Seez and Mori (1976)noted that
except for the study of Auerbach et al. (1965) there had been 
no conclusive evidence from experimental and epidemiological 
investigations, that cigarette smoking was associated with 
atherosclerosis of the coronary and the large peripheral 
arteries.
It has been proposed that the CO of tobacco smoke is the 
major causative agent, its mode of action being to cause direct 
morphological damage to the arterial intima and to increase the 
deposition of lipoprotein-cholesterol in the arterial wall 
(Astrup et al. 1967, Topping 1977, Kjeldsen 1969, Kjeldsen et 
al. 1972).
For many yaers, the biological effects of CO have been 
the object of numerous experimental investigations. More 
recently many of the studies have been concerned with the 
effect of this gas on the cardiovascular system generally and
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particularly on the arterial wall. It has thus been observed 
that exposure to CO leads to structural or biochemical changes 
at the level of the aortic or coronary arterial wall, also 
epidemiological studies,have demonstrated a relationship 
between the intensity of air pollution with CO and the 
frequency of mortality from ischaemic heart disease (Goldsmith 
and Landaw 1968, Cohen et al. 1969). However, CO in this 
case may only be an indication of exposure to some other 
atherogenic pollutant. In 1925, Rosenblath reported thicken­
ing of the arterial wall with swelling and loosening of the 
vascular membranes as a result of CO poisoning in man ' 
(Kjeldsen 1969). Later, in 1967, Astrup et al. found that 
CO enhanced the development of aortic atheromatosis in 
cholesterol-fed rabbits.
In the present study, examination of about 1,000 light- 
and electron micrographs revealed no CO related atherosclerotic 
ichanges in the arterial wall that could differentiate 
control rabbits from experimental ones. Reports by previous
authors of CO induced oedema of the luminal arterial coats
\
and splitting up of the membrane texture, as seen by light 
microscopy,(Wanstyup et al. 1969)were not confirmed in this 
study. Also, the present transmission electron microscopy 
results conflict with those of Kjeldsen and his colleagues 
(1972), Thomsen (1974),Thomsen and Kjeldsen (1975). The 
latter authors described pronounced intimai oedema, sub- 
endothelial blisters and plaques developing as a result of 
CO intoxication. They also reported a widened subendothelial
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space containing cells and fibrils, which were only seen in 
CO exposed animals and this too, could not be confirmed in the 
present work.
In the present study, the aortic sections (expérimentais 
and controls) showed subendothelial layers containing some 
cells and fibrils. This is in accordance with studies of the 
normal rabbit aorta (Bierring and Kobayasi 1963). The 
possibility that in the present study, the negative results 
are due to short periods of exposure (up to two weeks) or 
chosen concentration of CO (200p.p.m.)is made unlikely by the 
studies of Kjeldsen et al. (1972), and Thomsen and Kjeldsen 
(1975) , who report intimai changes in rabbits exposed to 180 
p.p.m. of CO for only four hours or two weeks. The main differences 
in experimental procedure between the present study and those 
of Kjeldsen et al. (1972) and of Thomsen and Kjeldsen (1975), 
were the use of a different strain of rabbit, and a different 
technique of investigation. In the present study. New Zealand 
white rabbits, and a blind technique of investigation were 
used, instead of Albino Danish rabbits, and a non-blind 
technique of investigation. However, if the difference in 
strain accounts for the difference in results, then little 
account can be given to the extrapolation of results from 
rabbits to man. Although, since 1967, Astrup and his col­
leagues have consistently reported a strongly atherogenic role 
for carbon monoxide, it is significant that in their most 
recent publications they now retract from this position (Hugod 
et al. 1978). The reasons for the lack of agreement with their
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earlier findings, were given by the authors as due to the 
previous lack of a blind technique of investigation and 
probably, the small number of animals in each experiment. 
Great caution therefore, must be taken in assessing the 
atherogenic effect of any agent,and the need for strictly a 
blind experimental procedure is obvious.
The present results, however, support those of Theodore 
and his colleagues (1971) , using rhesus monkeys, baboons, 
dogs, rats and mice, Armitage et al. (1976) using white 
carneau pigeons, and Malinow et al. (1976), using cynomolgus 
monkeys. Those authors also did not find an athero­
sclerotic effect of CO per se on the arterial wall.
However, the parallel architecture of the arterial wall 
which has been seen and described in the present study in 
both the experimental and control rabbits is the normal 
structure of the animal arterial wall (Bierring et al. 1963), 
Differences in SEL’s width and inclusion were observed 
between sections of the same arterial wall area in the 
present study. Also, sometimes these differences could be 
observed between areas of the same section. These 
structural variations were seen in the control as well as in 
the experimental rabbits in the present study.
These normal structural differences in the 
arterial wall, in addition to susceptibility of rabbits to 
spontaneous aortic lesions (Schenk et al. 1966, Gaman et al.
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1967) , in the absence of a full understanding of the
normal structure of the arterial wall,
therefore might lead to unintentionally biased results in 
the absence of a blind investigation. Further, these 
factors might also be the reason behind the reported CO 
atherogenic effect on the arterial wall in other studies 
(Birnstingl et al. 1970, Davies et al. 1976).
The atherosclerotic lesion is focal [Daoud et al. 1964)
and therefore examination of a few 5y sections by LM (oreven 
o
worse 600 A sections by EM) from.each artery is likely to yield some 
areas of normality and some areas of pathology. It is also 
likely, by chance, that the section will contain only normal 
(or abnormal) tissue and examination of this would not be 
representative of the whole artery. Short of sectioning 
the whole arterial length, it is important to examine as 
many sections as possible from each specimen .to reduce the 
statistical chance of being misled about the condition of 
the whole artery from just a few sample sections. 
Initial examination of the tissues macroscopically, espe­
cially in advanced atherosclerotic cases, may be the only 
alternative to reach unbiased assessment.
Astrup et al, (1967) found that exposing rabbits to CO, 
continually or intermittently, for several weeks with 
cholesterol feeding, enhanced cholesterol accumulation in 
the aortic wall of these rabbits, and that the experimental 
rabbits have significantly higher aortic cholesterol contents
than the control rabbits. Kjeldsen (1969) attributed this 
to either an increased or impeded filtration of lipids through 
the arterial wall or increased synthesis or decreased cata­
bolism of lipids in the arterial wall. CO was also found 
to increase the uptake of labelled cholesterol in the walls 
of perfused human coronary arteries, but not to influence 
the lipid synthesis in the arterial wall (Sarma et al. 1975). 
Astrup (1972) reported increased endothelial permeability 
induced by CO. Also, increase of relative blood cell volume 
and plasma protein concentration in men, after inhalation 
of CO, suggests leaking out of fluid from the vessels 
(Asmussen and Knudsen 1943). CO is also reported to increase 
disappearance rate of albumin from the blood, due to increase 
in capillary wall permeability (Siggaard-Andersen et al.
1968). However, an effect of CO on cholesterol of the 
aortic wall was not confirmed in rabbits, either by Davies 
and his colleagues (1976) or by Stender et al. (1977).
In the present results the aortic wall mean cholesterol 
contents was slightly but not significantly higher in the . 
experimental rabbits than in the control animals (Table 14). 
This might be due to an increase in permeability into the 
aortic wall of serum cholesterol, as an effect of CO exposure. 
However, when the rate of • cholesterol removal from the 
plasma was measured in these rabbits,it was found to be 
significantly higher in the control rabbits thàn in the 
experimental rabbits (p = 0.028) (Table 13). Also, the 
serum cholesterol levels in the CO-exposed rabbits on the
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last day of the exposure was significantly correlated to 
their tissue cholesterol contents (p < O.OS", Table 14).
It appears more likely therefore that the increased 
accumulation of cholesterol in the aortic wall was a function 
of the enhanced serum cholesterol in CO-exposed animals.
This hypothesis would be in accordance with those of 
Ho et al. (1972), Stender et al. (1977), and Newman and 
Zilversmit (1962), who found that rabbits with high serum 
cholesterol concentrations showed higher influx rates than 
rabbits with lower cholesterol levels. However, on repeat­
ing a similar experiment, similar results were also obtained 
(Table 15, 16), but the unexpected finding was that, after 
8 days of exposure to CO, the mean serum cholesterol went 
up slightly, but not significantly (p > 0.1), instead of 
coming down, although it went down in three out of eight 
rabbits (2, 7 and 8, Table 15). This difference in change 
of serum cholesterol could be due to differences in food 
consumption, which might have the effect of increasing or 
decreasing serum cholesterol levels in these exposed 
rabbits. Looking at the weights of these rabbits after 
exposure, revealed that all 3 rabbits (2, 7 and 8) in which 
the serum cholesterol decreased after the exposure, had 
gained weight (Table 9.4, eight days).and all other five 
rabbits, in which the serum cholesterol rose after the 
exposure, had lost weight (except number 5, which had gained 
only 10 grams of body weight and it did not have a signi­
ficantly altered serum cholesterol (+ 18 mg/100 ml)).
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However, rise or fall of body weight may only reflect the 
decrease or increase of food and water consumption. Thus, 
it might be concluded, that decreasing serum cholesterol 
in rabbit numbers 2, 7 and 8 was due to increasing body 
weight because of the increase in food consumption (which 
was then cholesterol free) and water. This might have an 
increasing dilution, or removal (excretion or deposition) 
effect on serum cholesterol levels in the 3 CO-exposed 
rabbits, and might be the opposite of that in the other 
5 CO-exposed rabbits.
CO in the present study inhibited the removal of 
cholesterol from the serum significantly in the cholesterol- 
fed rabbits (Table 13). The increase of serum cholesterol 
in normally-fed rabbits after 2 weeks of CO exposure in the 
present study (Table 12.2), might therefore be explained by the
inhibition of the removal of serum cholesterol in these rabbits. 
Kjeldsen (1969), referred this increase in serum cholesterol 
to the hypoxic effect of CO, and supported this hypothesis 
by’ the finding of Le Quire et al. (1957), who reported a 
marked decrease in the lipaemia clearing activity in hypoxic 
dogs, and an increase in clearing activity when O 2 was 
supplied to the hypoxic animals. Kjeldsen suggested that 
tissue hypoxia inhibits lipoprotein lipase activity, 
leading to an increase in serum lipids in the experimental 
animals, and he also assumed that a similar mechanism could 
be applied for CO. But lipoprotein lipase enzyme is 
reported to be responsible for the hydrolysis of lipids 
which are only transported as VLDL (Cantarow and Trumper 1962,
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Curtius and Roth 1974). However, examination of cholesterol 
metabolism may throw some light on the mechanism by which CO 
can inhibit the removal of serum cholesterol.
The liver is practically the sole source of plasma 
cholesterol, and it is also the main depository of cholesterol 
already present in the blood. In this way, a certain amount 
of cholesterol, accompanied by a small amount of cholestanol 
(dihydrocholesterol) is excreted by the liver via the bile 
into the small intestine. The cholesterol thus excreted, 
mixes with dietary cholesterol and may be partially reabsorbed 
by way of the lymphatics, mainly after preliminary estérifi­
cation in the cells of the intestinal mucosa. Unabsorbed 
cholesterol and cholestanol (which cannot be absorbed), are 
found in the faeces. The remaining cholesterol is excreted 
by the liver, via the bile as bile acids (cholic acid and 
derivatives) into the intestine, from which the major fraction 
is reabsorbed. Unabsorbed bile acids are (converted by 
intestinal bacteria into metabolites) excreted in the.faeces.
However, it has been found experimentally that 80-90% 
of exogenous cholesterol is converted to bile acids in the 
liver and excreted via the bile into the intestine. The 
other 10-20% of exogenous cholesterol is accounted for in 
the neutral sterol (cholesterol and cholestanol) fraction of 
bile and faeces (Cantarow and Trumper 1962). Thus, bile 
acids are the major end product of the metabolism of 
cholesterol in the body. The first step in the conversion
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of cholesterol into cholic acid (bile acid) in rat liver, 
is the introduction of the 7a hydroxyl group into the 
sterol ring system, leading to the formation of 7a hydroxy 
cholesterol (Figure 63 ). The enzyme system catalyzing 
the introduction of a 7a hydroxyl group into the nucleus 
of cholesterol, is present in liver microsomes and is known 
as cholesterol 7a hydroxylase (Myant and Mitropoulos 1977). 
This enzyme belongs to a class of enzyme systems known as 
mixed-function oxidases. In all these enzyme systems the 
activator of oxygen and the substrate is cytochrome P-450 
(Myant and Mitropoulos 1977).
Simpson and Boyd (1966) have shown that the first step 
in cholesterol catabolism in the adrenal cortex is the 
cleavage of the cholesterol side chain to form pregnenolone, 
this is catalyzed by mixed function oxidases of which P-450 
is a component. Also, P-450 was reported to be closely 
related to cholesterol metabolism, and 7ahydroxylation of 
cholesterol was faster with liver preparation from phénobar­
bital treated rats (their liver microsomes exhibit an increase 
in the content of components of electron transport system) 
than with those from control rats and was inhited by CO.
It is suggested therefore that P-450 is functional in hydro­
xylation of cholesterol and is inhibited by CO, the inhibition 
CD
depending on ratio (Wada et al. 1967, Wada et al, 1968,
^2
Myant and Mitropoulos 1977). Topping (1977), also cited 
that combination of cytochrome P-450 with CO leads to the 
inhibition of a number of oxidation-reduction reactions.
Cholesterol
HO'
HO' OH
7aOH cholesterol
7a OH cholest 4ene, 3one
OH
Spcholestane 3a,7a,12atriol
HO' OH
Cholanic Acids
Figure 63.
Outline of the pathways in the conversion of 
cholesterol to the trial precursor of bile acid, 
(reproduced from Mann 1977)
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including steps in cholesterol biosynthesis. In the liver 
cytochrome P-450 is the most abundant haèmoprotein, being 
largely microsomal in distribution (Topping 1977). It is 
the member of the chain of mixed function oxidases that 
catalyze the incorporation of atmospheric O 2 into organic 
compounds (U.S. Dept, of Health, Education and Welfare 1970). 
Myant and Mitropoulos (1977) reported that cytochrome P-450 
acts as O 2 and substrate activator in hydroxylation of 
cholesterol. It might therefore be concluded from this 
evidence that the effect of CO on liver microsomal cytochrome 
P-450 is to inhibit cholesterol hydroxylation to bile acids. 
This may therefore explain the inhibition of serum cholesterol 
removal found in the present study.
In the present study, mean HDL - cholesterol decreased 
significantly in the CO exposed rabbits. However, in the 
control rabbits mean HDL-cholesterol decreased more signifi­
cantly than in the experimental ones (Table 17). It could 
thus be concluded that CO retarded the removal of HDL- 
cholesterol in the experimental rabbits, compared with the 
control ones. Mean LDL + VLDL-cholesterol, on the other 
hand, increased slightly in the exposed rabbits and decreased 
significantly (p = 0.01) in the control rabbits (Table 18), 
reflecting total serum cholesterol changes in these rabbits. 
Also, while the mean ratio of LDL + VLDL-cholesterol to HDL- 
cholesterol went up slightly but not significantly (p = >0.1) 
in the control rabbits, it increased significantly (p = <0.05) 
in the CO exposed rabbits (Table 19). As about 4% of the
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cholesterol in the present study is transported in HDL and 
about 96% in LDL + VLDL, it could be the different amount of 
cholesterol contents of these lipoproteins which reflected- 
their - different responses to CO effect.
Atherosclerosis is characterized by the accumulation 
of lipid, predominantly cholesterol, in the arterial wall 
(Adams 1973). Also, both cholesterol rich LDL and high 
levels of cholesterol in the blood are associated with 
atherosclerosis and an increased risk of acquiring CHD (Walton 
and Williamson 1968, Chen and Kandutsch 1976, Vanhoute and 
Kesteloot 1972, and Mann 1977). Furthermore, a high level 
of LDL is . present and synthesised in atherosclerosis 
(Hollander 1963). All this evidence may, therefore, 
support the hypothesis that LDL is the means by which plasma 
cholesterol is transported and deposited in the arterial wall 
(Walton and Williamson 1968). HDL is inversely proportional 
to CHD (Rhoads et al. 1976). Also, HDL was found to be 
inversely proportional to the body cholesterol pool (Miller 
and Miller 1975a), an observation which supports other 
evidence that this lipoprotein promotes.the clearance of 
cholesterol from extrahepatic tissues, including the arterial 
wall (Glomset 1968). The ratio of LDL to HDL is therefore, 
a useful index of risk for atherosclerotic disease.
In the present study the ratio of LDL+VLDL to HDL-cholesterol 
increased significantly in the CO-exposed rabbits (p < 0.05) 
(Table 19). Also, CO exposure in the present study, inhibited
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significantly the rate of removal of serum cholesterol ( p = 0.028, 
Table 13) and the correlation between serum cholesterol 
and aortic wall cholesterol was significant (r = 0.9 and 
p < 0.01, Table 16). Thus, if serum cholesterol transport 
into the arterial wall is passive (Dayton and Hashimoto 
1970, cited by Hawkins 1974), and CO raises the serum level 
of cholesterol (Kjeldsen and Damgaard 1968, Astrup et al.
1967), all this evidence, therefore, would provide a possible . 
mechanism by which CO, from cigarette smoke, accelerates the 
rate of development of atherosclerosis. Therefore, there is 
no need to have a mechanism for a direct morphological effect 
of CO.
However, tobacco smokers are reported to have lower 
HDL-cholesterol than non-smokers, although the differences 
were only significant in skiers, not in controls (Enger et 
al. 1977). Also Garrison et al. (1978) reported that 
significant negative association was found between the number 
of cigarettes smoked and HDL-cholesterol. In addition, an 
inverse relationship between HDL-cholesterol and CHD was 
reported, by Rhoads et al. (1976). All this evidence and 
the results of the present study (HDL is slightly higher, 
but not significant in the experimental rabbits than control 
ones, Table 17), in addition to the fact that not many investiga­
tions have.been reported on this point (CO and lipoproteins) 
in the literature, might indicate that the role of CO in 
cigarette smoke, as an atherogenic risk factor, is incomplete 
and cannot be made conclusive, and further investigations
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are needed,
Lilienthal (1950) suggested that the site of common 
action of the toxic effect of CO might well be the wide 
spectrum of tetrapyrrole respiratory pigments (haem, oxidases 
and catalases). Also, Goldbaum et al. (1975) reported that 
the mechanism of CO toxicity is probably its combination 
with cytochromes, rather than the reduction of O 2 transport 
capacity of the blood (by this way they explained why the 
central nervous system could be impaired when COHb levels 
are below 10%). They added that the dissolved CO in plasma 
is more effective than a high circulating COHb. It might be 
suggested that the most important pathophysiological effect 
of CO is not due to its effect on oxygen carriage(Haldane 
1895b, Haldane 1912, Roughton and Darling 1944), but to its 
combination with the cytochromes leading to an impairment of 
their functions. This may of course have serious effects 
on various intermediary metabolic processes and it could be 
the case in cholesterol catabolism.
CO is one of the components of the gas phase of cigarette 
smoke,and the level of COHb found in this study (21%) is not 
far from some COHb levels in heavy or habitual smokers,
(Table 7). However, the extrapolation of such results to 
humans must only be made with caution, because we should 
realise and be aware of the structural and physiological 
differences between the rabbits and human beings. For
example, rabbits are herbivorous and can be made atherosclerotic
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with relative ease by feeding a high cholesterol diet. Also, 
their aortas can incorporate labelled acetate into aortic 
cholesterol in vitro. However, in carnivorous and omni­
vorous animals (dogs, cats and rats) it is difficult, if not 
impossible, to produce atherosclerosis by high cholesterol 
feeding alone. In addition, these animals aortas could not 
incorporate labelled acetath into aortic cholesterol in 
vitro, and this is true also in human coronary artery and 
aorta (Azarnoff 1958). The high elevation of serum choles­
terol levels in rabbits, after feeding cholesterol, is 
considered highly abnormal in man, which might reflect the 
sensitivity of rabbits to this substance. On the other hand, 
this high serum cholesterol level in these rabbits might have 
an adverse effect on their physiology and the structure of 
their organs.
While in rabbits, cholesterol feeding raises serum 
cholesterol levels. Topping (1977) reports that feeding high 
cholesterol diets results in prompt suppression of 
cholesterogenesis in man. Also, Mann (1977) and Kaunitz (1975) 
maintain that cholesterol elevation in the human is not due 
to high dietary intake of cholesterol.
Atherosclerotic lesions produced in animals by feeding 
large amounts of cholesterol, are not really relevant to human 
disease, where in such animals many tissues are overloaded 
with cholesterol (which is not the case in man),among which 
are the arteries (Kaunitz 1975). Also, while in rabbits
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elevation of plasma cholesterol concentration is necessary to 
develop lesions, Kaunitz reported that there is often no 
correlation between extensive atherosclerosis diseases at 
autopsy and pfemortal cholesterol values in man.
The structure of the aorta of rabbits differs from that 
of man, whereas in rabbits there are no vasa vasorumin the 
media of the arterial wall at all; in humans, the outer half 
or two-thirds of the media has vasa vasorum(Schlichter and 
Harris 1949, and Wolinsky and Glagov 1967). This may be a 
big factor in the susceptibility of rabbits to atherosclerosis, 
and might explain the difficulty in producing medial necrosis 
or atherosclerosis in dogs, due to the great vascularity of 
the ascending aorta in these animals (Schlichter and Harris 
1949) . Different CO sensitivity was also reported in 
different species, where the pigeon is most sensitive and 
the rabbit is the least sensitive animal in the series before 
the frog (Finck 1966) , and it may be the case that the human 
is also different.
Finally, Myant and Mitropoulos (1977) reported that 
feeding of cholesterol-rich diets to animals of several 
species (e.g. dogs, rats, squirrel monkeys and rhesus monkeys) 
led to increased synthesis of total bile acids, while choles­
terol feeding appears to have little or no influence on bile 
acid synthesis in man. Man may therefore not be typical 
even of omnivorous or carnivorous species. However, all 
these differences between human and rabbits suggest that
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dealing with rabbits and extrapolation of the results to 
human beings, might lead to false conclusions. Thus, I 
suggest that selecting a mammalian species, with close 
physiological and structural similarities’ to human beings, 
is necessary for reaching a more conclusive result concerning 
the implication of CO in cigarette smoking as an athero­
genic risk factor, although extrapolation even from the 
higher primate is still difficult.
In human, the association between tobacco smoking and 
severity or extent of aortic or coronary atherosclerosis is 
well documented in many epidemiological and pathological 
studies, although it has been denied in few other studies 
[Viel et al. 1968^Wilens and Plair 1962). American studies 
have shown that men aged 40-49 who smoke 40 cigarettes a day, 
have five times the risk of dying from atherosclerotic heart 
disease compared with non-smokers (Hammond 1972). Also, 
studies in Britain have shown that men aged 45-54 who smoke 
more than 15 cigarettes a day have three times the risk of 
dying from atherosclerotic heart disease (Doll and Hill 1964).
Wald et al. (1973) found that in the age group 30-69 
years, a person with a COHb level of 5% or more, has 21 times 
the risk of developing certain atherosclerotic diseases 
(including ischaemic heart disease) compared with another 
person of the same age and sex with similar smoking history 
and current smoking habits, but with a COHb level of less 
than 31. Blood COHb level provides good information on
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tobacco smoke absorption, which might indicate that the 
development of atherosclerosis in smokers is likely to be 
more closely related to the amount of tobacco smoke absorbed 
than to the amount of tobacco smoked.
In addition to smoking, people are also exposed to CO in 
a polluted atmosphere and in their occupations. The effect of 
atmospheric CO as a result of traffic is of little 
importance compared to the concentration resulting
from heavy cigarette smoking (Lawther and Commins 1970). 
However, no correlation regarding arterial disease was found 
by Jones and Sinclair (1975) in blast furnace workers despite 
the finding that COHb levels were increased in this group, 
compared with a non-exposed control group.
Furthermore, Schievelbein (1979), in accordance with 
other studies, concluded that there is no evidence suggesting 
a higher incidence, prevalence or prognosis of atherosclerotic 
heart disease among industrial workers who are exposed to 
high CO concentrations. Animal experimental studies also 
revealed recently that CO has no atherogenic effect on the 
intimai morphology of the arterial wall (Hugod et al. 1978, 
Malinow et al. 1976). In the present study, although CO did 
not affect the intimai morphology of the arterial wall, it 
enhanced some blood lipid in favour of atherosclerosis. This 
effect on the blood lipid, however, might only be due to a 
short period of the exposure. On longer period of exposure 
(84 weeks), Armitage et al. (1976) found no CO-effect on 
serum cholesterol in white carneau pigeons.
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All this evidence, therefore, might indicate that the 
reported correlation between COHb level in tobacco smokers 
and atherogenesis, may only reflect the fact that CO and 
the following COHb levels may only be a marker for the in­
take of other substances in tobacco smoke, which might 
have an atherogenic effect. Also, the effect of CO might 
be a combined or synergistic effect with other chemical 
compounds in tobacco smoke.
Recent studies using CO combined to other compounds
of tobacco smoke CO (200 p.p.m.) + HCN (0.5 p.p.m.) or
failedCO (200 p.p.m.) + NO (5 p.p.m.) + HCN (0.5 p.p.m.) 
to show significant intimai morphological changes in 
rabbits (Hugod 1979). Also, selective exposure of rabbits 
to HCN (0.5 p.p.m.) (Hugod 1979) or carbonyl sulphide (50 
p.p.m.) (Kamstrup and Hugod 1979), failed to produce intimai 
morphological changes in coronary or aorta of this animal. 
Furthermore, in animal experiments, nicotine does not 
cause arterial atherosclerosis when administered in amounts 
much higher than the nicotine uptake by a smoker (Schievelbein 
et al. 1970). Therefore, since very large doses of nicotine 
are unable to produce atherosclerosis in rabbits, it is very 
unlikely that nicotine is the agent in tobacco smoke 
responsible for the incidence of atherosclerosis in smokers.
On the other hand, 7, 12 dimethylbenzanthrancene (25 mg/ 
kg) and benzopyrene (50 mg/kg) (carcinogenic constituents of 
the particulate phase of tobacco smoke) recently have been
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demonstrated to have an enhancing effect on the aortic 
atherosclerosis in chickens, although no effect on serum 
cholesterol was found in this experiment (Albert et al.
1977). However, although no blind investigation was 
mentioned in the above study, investigation of athero- 
genicity of these substances is worth trying in other 
animal species, before a, final conclusion can be made.
Also, the investigation of atherogenicity of other compo­
nents of tobacco smoke is necessary in future research, 
e.g. tissue cadmium was found to be higher (double) in 
tobacco smokers than in non-smokers (Shuman et al. 1974). 
Therefore, this element (cadmium) is worth investigating, 
as it might be of a pathogenic significance in atherogenesis.
However, atherosclerotic disease is found among smokers 
as well as non-smokers; also, not all smokers have the 
disease. This might indicate that factors other than smoking, 
including age, predisposing disease, dietary habit, environ­
mental conditions, and physical activity, etc. may be 
implicated as atherogenic risk factors as was well documented 
in the literature (Dawber et al. 1957, Strong et al. 1971).
The effect of smoking might therefore be a combined or syn­
ergistic effect with one or more of these factors in 
enhancing or inducing the disease.
Furthermore, the incidence of atherosclerosis varies 
among individuals of the same age, sex, race, dietary habit, 
environmental conditions and smoking habit, etc. However,
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this unexplained variability could be attributed to the 
genetic make-up of the individuals, which could regulate 
susceptibility to other aetiological agents (including 
cigarette smoking).
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Conclusion
1. It was not possible, in this study, to confirm that CO 
exposure results in any morphological changes in the arterial 
wall (i.e. coronary arteries, aorta, renal arteries and 
common iliac arteries), which might be indicative of early 
atherosclerotic changes.
2. Rabbits’ serum cholesterol was increased significantly, 
after 2 weeks feeding 2% cholesterol diet.
3. CO inhibited serum cholesterol removal, presumably by 
inhibiting its excretion in the bile.
4. It is further suggested in the discussion that the 
consequent increase in serum cholesterol would cause an 
inceased passive diffusion of cholesterol into the arterial 
wall.
5. While CO inhibited the removal of serum LDL + VLDL - 
cholesterol, it had only a slight effect on the removal of 
serum HDL-cholesterol. There was therefore a significant 
increase in the ratio of LDL + VLDL - cholesterol to HDL- 
cholesterol.
6. It is also suggested that this increase in lipoproteins 
ratio would be a potential mechanism for an enhancing effect 
of CO on atherogenesis.
7. Blind investigation of the tissues is necessary for 
reaching unbiased assessment of the effect of CO on the
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arterial wall.
8. Working on a mammalian species, with closer physio­
logical and structural similarities to human beings than 
the rabbits, is necessary for more conclusive results, 
concerning the implication of CO in cigarette smoking, as 
an atherogenic risk factor in man.
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